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ABSTRACT
Optogenetics is a technique to control and monitor cell activity with light by ex-
pression of specific microbial rhodopsins. Cation channelrhodopsins (CCRs) and
anion channelrhodopsins (ACRs) have been demonstrated to activate and silence
cell activity, respectively. In this dissertation, the molecular mechanisms of two
channelrhodopsins are studied: a CCR from Chlamydomonas augustae (CaChR1)
and an ACR from Guillardia theta (GtACR1). The recently discovered GtACR1
is especially interesting, as it achieves neural silencing with 1/1000th of the light
intensity compared to previous microbial rhodopsin silencing ion pumps. Static and
time-resolved resonance Raman, FTIR difference, and UV-visible spectroscopies were
utilized in addition to various biochemical and genetic techniques to explore the
molecular mechanisms of these channelrhodopsins.
In CaChR1, Glu169 and Asp299 residues are located nearby the Schiff base (SB)
similar to the homologous residues Asp85 and Asp212, which exist in an ionized state
in unphotolyzed bacteriorhodopsin (BR) and play a key role in proton pumping. We
observe significant changes in the protonation states of the SB, Glu169, and Asp299
of CaChR1 leading up to the open-channel P2 state, where all three groups exist
in a charge neutral state. This unusual charge neutrality along with the position of
vi
these groups in the CaChR1 ion channel suggests that charge neutrality plays an
important role in cation gating and selectivity in these low efficiency CCRs.
Significant differences exist in the photocycle and protonation/hydrogen bond-
ing states of key residues in GtACR1 compared to BR and CaChR1. Resonance
Raman studies reveal that in the unphotolyzed state of GtACR1, residues Glu68,
Ser97 (BR Asp85 homolog), and Asp234 (BR Asp212 homolog) located near the SB
exist in charge neutral states. Furthermore, upon K formation, these residues do not
change their protonation states. At room temperature, a slow decay of the red-shifted
K intermediate is observed, which exists in equilibrium with the L intermediate. At
80 K, a lower thermal barrier for K → L transition is observed compared to BR and
CaChR1. This effect may be due to substitution of a Met residue at position 105 for
the highly conserved Leu or Ile residue.
vii
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1Chapter 1
Introduction
Rhodopsin is a group of light sensitive proteins found in many kingdoms of
life. They perform many functions, including ion transport, phototaxis, and vision
in animals. They all share similar structure, specifically a seven transmembrane
alpha-helical structure with a retinal chromophore, a vitamin A aldehyde, attached
to an internal binding pocket. Many reviews have been written on rhodopsins, and
few recent review articles are listed here [1–4]. Rhodopsins can be divided into two
subgroups: type I and type II, or microbial and animal rhodopsins, respectively.
Animal rhodopsins are responsible for vision, and in humans, they are expressed
in the rod and cone cells in the retina. Microbial rhodopsins are at the core of
optogenetics, and they will be the focus of this dissertation.
Fig. 1.1: Diagram showing four types of microbial rhodopsins.
21.1 Microbial Rhodopsins
Microbial rhodopsins are found in organisms throughout the archae, bacteria,
and eukarya domains of life. Earliest studies of microbial rhodopsins were from
archae Halobacterium salinarum such as the proton pump bacteriorhodopsin (BR) [5],
chloride pumps halorhodopsin (HR) [6], and phototatic proteins sensory rhodopsins
I and II [7,8]. In 2002, cation channelrhodopsins (CCR) were discovered in green
algae Chlamydomonas reinhardtii, specifically channelrhodopsin-1 and 2 (CrChR1
and CrChR2) [9–11]. All natural channelrhodopsins discovered were cation conducting
until 2015, when natural anion conducting channelrhodopsins (ACR) were found
in cryptophyte algae Guillardia theta, specifically anion channelrhodopsin-1 and 2
(GtACR1 and GtACR2) [12]. In this dissertation, the term channelrhodopsin (ChR)
will be used to refer to both cation and anion channelrhodopsins collectively.
1.2 Model System: Bacteriorhodopsin from Halobacterium Salinarum
Purple membrane is a set of two-dimensional crystalline patches in the cell
membrane of halophilic archae Halobacterium salinarum and may take up nearly
half the surface area. This purple membrane is purely made of BR and is identified
with its color purple caused by the visible absorption of BR. Since its isolation in
1973 by Oesterhelt and Stoeckenius [13], BR became the first microbial rhodopsin to be
studied and attracted many scientists to study its function, structure, and molecular
mechanism. There have been many other archaeal rhodopsins that were discovered
and studied since then [14], but to this day, BR still remains the most studied and
well-known microbial rhodopsin.
BR’s purple color is due to its chromophore absorbing light near 570 nm. Ab-
sorption of a photon by the chromophore triggers a cascade of events called the
photocycle. In its photocycle, BR goes through different photointermediate states
3(K, L, M, N, and O) before decaying back to its ground state, leaving the net change
of a loss of one proton from the intracellular space and a gain of one proton to the
extracellular space. Its function of pumping protons out of the cell plays an impor-
tant role in the energy production of the cell; the proton gradient generated by BR
can be used by another membrane protein ATP-synthase to produce ATP, molecules
that fuel many molecular processes, as described in Mitchell’s theory [15,16]. Because
of its simple function of proton transfer as a standalone unit [5] and its stability in
various environments [17–19], BR prove to be an ideal protein to study that is simple
yet robust. Many novel biophysical techniques were performed on BR, including the
first Fourier-transform infrared (FTIR) difference spectroscopy on a biomolecule [20]
and first crystal structure of a membrane protein [21,22]. For more information on BR
and Halobacteria, couple reviews are provided [23,24].
1.2.1 Molecular Structure of Bacteriorhodopsin
As shown in Figure 1.2, BR shares similar structural features as other rhodopsins
in that it is composed of seven transmembrane alpha-helices, which was known since
the early years with different microscopy and diffraction techniques [25,26]. The chro-
mophore is attached covalently to a lysine residue (Lys216) in the G-helix to form
a Schiff base (SB). In a rhodopsin, the chromophore is a retinal molecule, a vitamin
A derivative, which has a β-ionone ring and a long ethylene chain. Although the
retinal with a SB by itself in solution has absorption maximum near 440 nm, its
absorption maximum is near 570 nm in BR. This apparently redshift is observed in
all rhodopsins and is referred to as the ”opsin shift”. The shifts are well described
by ”point-charge model” for both animal rhodopsins [27] and microbial rhodopsins [28].
This model attributes the redshift of the chromophore to greater delocalization of
electrons along the ethylene chain caused by negative point charges near the β-ionone
ring or positive charges near the SB.
4Fig. 1.2: 3D structure of bacteriorhodopsin in its light-adapted ground state. Each
of the alpha helices is colored in a different color, while the retinal chromophore is
colored in red.
In the ground state of bacteriorhodopsin, this retinal molecule is in the form of
all-trans. The retinal and the SB is important, because the retinal absorbs light that
drives the protein into its photocycle, which will be discussed in detail in the sections
below. Some other important residues are also labeled—Arg82, Asp85, Asp96, and
Asp212.
5Fig. 1.3: Schematic of the photocycle of bacteriorhodopsin showing K, L, M, N, and
O photointermediates with their corresponding visible absorption maxima. Figure is
adapted from Lanyi [24].
Some important features to keep track of throughout the photocycle are struc-
tures of the retinal and the protein, protonation states of the SB and some key amino
acid residues, and the hydrogen bonding structure between amino acids, SB, and in-
ternal water molecules. In the ground state of BR, the SB is protonated, whereas
Arg82, Asp85, and Asp212 are not protonated. This makes BR and Arg82 posi-
tively charged, and Asp85 and Asp212 negatively charged. This SB and residues are
hydrogen-bonded together with a network of internal water molecules to keep the
center region of the protein neutral. For this reason, Asp85 and Asp212 are called
counterions to the SB.
1.2.2 Standard Model for Bacteriorhodopsin Photocycle
As described above, absorption of a photon triggers BR’s photocycle as shown
in Figure 1.3, which is approximately 10 milliseconds long in total. Other than the
ground state, the photocycle can be categorized into five distinct intermediate states
6which can be identified by their visible absorption peaks—K, L, M, N, and O. A
more detailed discussion of the BR photocycle can be found in an excellent review
article by Lanyi [24].
K intermediate
Within a few picoseconds after the absorption of a photon by BR, the most
major event that occurs is the all-trans to 13-cis isomerization of the retinal. This
transition from the ground state to the first photoexcited state, K, is referred to as
the primary photoreaction of BR. This state can be studied using either ultrafast
spectroscopy or cryogenic temperatures near 80 K, which traps BR in the K inter-
mediate after photoactivation. Cryogenic experiments are of very high importance
in this dissertation and will be explained in much more detail in the experimental
techniques chapter, in section 2.3. The structure of the K intermediate has been
highly resolved to 1.43 A˚ and is well known [29].
The all-trans to 13-cis isomerization moves the protonated Schiff base (PSB)
away from the counterions, although it still points towards the extracellular side.
This isomerization was shown to make the SB more basic [30], meaning more negative
charges are attracted towards the PSB. This results in more delocalization of the
electrons along the ethylene chain, which means further redshift in the absorption of
the chromophore as described by the point-charge model explained in section 1.2.1.
Indeed, the absorption maximum shifts from 570 nm to 590 nm in this primary
photoreaction. However, because there hasn’t been enough time for the protein to
relax, the isomerization causes highly torsioned configuration, providing energy for
the rest of the photocycle as the protein relaxes back to its ground state.
7L intermediate
The K state decays into the L intermediate in several microseconds after its
formation. The L intermediate can be isolated at a temperature around 130 K, and
its crystal structure has been obtained at 1.62 A˚ resolution by X-ray diffraction [31].
This is the first thermal relaxation after the photoactivation, and the main event
here is the relaxation of the retinal. This transition moves the PSB back towards
the counterion Asp85, which ultimately alters the pKa of both the PSB and Asp85,
allowing the L intermediate to decay into the M intermediate. This also affects the
delocalization of the electrons along the chromophore, and the absorption maximum
blueshifts to 550 nm.
M-intermediate
The L intermediate decays into the M intermediate in approximately 40 mi-
croseconds. There are several major events that occur in the M state. The distinct
event is the shift of the proton from the PSB to Asp85; the SB becomes deproto-
nated and the Asp85 becomes protonated. This causes a major blueshift, and the
absorption maximum changes to near 410 nm, consistent with the point-charge model
described in section 1.2.1. The protonation of Asp85 decreases the pKa of a nearby
group of residues close to the extracellular end called the proton release complex
(PRC), which is composed of Glu194, Glu204, and others residues interacting with
few water molecules. This results in the release of a proton from the PRC to the
extracellular side. As the above events are occuring, the retinal goes through an-
other structural change and reorients its SB towards the cytoplasmic side, moving
it closer to another carboxylic acid residue, Asp96. The states between these events
are sometimes separately into spectrally indistinguishable substates: M1, M2, and
M2’.
8M1 refers to the state immediately after the deprotonation of the SB. It can be
isolated at a temperature around 210 K, and its crystal structure has been obtained
at 1.43 A˚ resolution by X-ray diffraction [32]. M2 refers to the state immediately after
the reorientation of the retinal SB, but before the release of a proton from the PRC.
This state can be studied by mutating the Asp204 in the PRC to Asn204, which
prevents the release of a proton from the group. The M2 state in E204Q can be
isolated at 100 K, and its crystal structure has been obtained at 1.8 A˚ resolution
by X-ray diffraction [33]. M2’ is the state immediately after the release of a proton
from the PRC. M2’ can be studied by mutating the Asp96 to Asn96, which prevents
BR from decaying into its next photointermediate. M2’ in D96N can be isolated at
room temperature, and its crystal structure has been obtained at 2.0 A˚ resolution
by X-ray diffraction [34]. M is the only state where BR has a deprotonated SB, as it’ll
quickly be reprotonated in the next state.
N intermediate
As mentioned in the above section, the main event that occurs in the transition
to the N intermediate is the reprotonation of the SB by a proton donated from Asp96
through a network of water molecules connecting the two, which occurs within a few
milliseconds. This protonation causes a large redshift, moving the absorption peak
to near 560 nm. Asp96 is quickly reprotonated through the other residues and water
molecules connected to the cytoplasmic side, which results in an uptake of a proton
from the cytoplasmic side. The resulting state is sometimes referred to as N’ and is
not spectrally distinguishable from the N state. The N state has not been isolated,
so its crystal structure is not available. However, the N’ state has somewhat been
isolated using a mutant V49A at a low pH, and its crystal structure was resolved
with 1.62 A˚ resolution and 37% occupancy [35].
9Fig. 1.4: Comparison of residues in the helices 3 & 7 of different microbial rhodopsins.
Highlighted gray are some conserved residues, including the important BR residues
Asp85, Asp212, and K216. Note that some residues of importance in BR, such as
Asp96 and Glu204, are not conserved in any other microbial rhodopsins listed above.
Hs, Halobacterium salinarum; Np, Natronobacterium pharaonis ; Cr, Chlamydomonas
reinhardtii ; Ca, Chlamydomonas augustae; Gt, Guillardia theta.
O intermediate
The O intermediate is the resulting state after the reisomerization of the retinal
from the 13-cis to all-trans , which occurs within several milliseconds. This redshifts
the absorption maximum to 640 nm, longest wavelength of any other residues. In
the O state, Asp85 is still protonated, and this extra proton causes the absorption
maximum to be very redshifted, consistent with the point-charge model. As O decays
back to ground state of BR, the proton from Asp85 is transferred to reprotonate the
PRC, and the absorption maximum goes back to 570 nm, within 10 20 ms after the
photoactivation.
1.3 Channelrhodopsins
Unlike the previous microbial rhodopsins that were found in prokaryotic ar-
chaea, ChRs are found in single-celled eukaryotic algae. The first set of channel-
rhodopsins (ChRs) was discovered in 2002 almost simultaneously by Nagel et al [10,11]
and Sineshchekov et al [9]. These are the channelrhodopsins-1 and 2 from Chlamy-
domonas reinhardtii, also known as CrChR1 and CrChR2. In Chlamydomonas rein-
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hardtii, a single-celled green algae, these ChRs are expressed in its eye spot and
appear to control the phototactic behaviors by activating the flagella. It does so in
order to get enough green light for photosynthesis but avoid the harmful blue light.
In contrast to the previous microbial rhodopsins that either pumped a single
ion across the membrane or played a role in signal cascade in a cell when activated
by light, these ChRs opened a channel for a short time with photoactivation. For
CrChR1 and CrChR2, the channel was selective for protons and Na+ ions.
ChRs share many traits as other microbial rhodopsins, such as seven transmem-
brane alpha-helices with retinal as its chromophore. As you can see in Figure 1.4, the
binding site for the retinal, Lys216 in BR, is conserved in all microbial rhodopsins, in-
cluding both cation channelrhodopsins (CCRs) and anion channelrhodopsins (ACRs),
colored in green and blue, respectively. Some other residues are also conserved in
all of them, like the BR Arg82 and counterion Asp212, whereas some are only par-
tially conserved like the BR counterion Asp85. Many photointermediate states are
conserved too, especially K- and M-like states.
1.3.1 Optogenetics
Optogenetics is an idea that’s been around for many decades of a technique
that combines genetics and light to control the function of living cells with high
specificity. It would involve expression of proteins into specific cells in a living system
that can act as a light-gated ion transporter across the cell membrane, so that when
an appropriate wavelength of light is illuminated on the system, those specific cells
would be either activated or deactivated, depending on the function of the protein.
This would have advantages of other traditional methods for both its spatial and
temporal resolution; electrodes stimulated entire regions that they touch and lacks
spatial resolution, while drug deliveries were simply too slow [36]. However, the idea
was not popular for decades, as it did not seem feasible with the available options
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for the proteins, even with the few microbial rhodopsins that were known at the
time—namely BR and HR, which is a yellow light-gated chloride pump.
Everything changed in 2005, when graduate students Ed Boyden and Feng
Zhang in Karl Disseroth’s laboratory at Stanford successfully demonstrated the ex-
pression of CrChR2 in mammalian neuronal cells and the activation of the neuronal
spikes in those cells with blue light in millisecond timescale [37]. A neuron in its
resting state has a negative potential, around -70 mV, with higher concentration of
protons and Na+ ions outside of the cell. When CrChR2 is illuminated with light
near its absorption maximum, 470nm, it opens a cation-selective channel that allows
protons and Na+ ions to flow into the cell, causing enough voltage change to activate
the natural voltage-triggered Na+ channels, resulting in a neuronal spike. The key
ingredient here is a microbial rhodopsin that can allow enough current to overcome
the threshold potential difference, approximately 15 mV.
However, the opposite effect is also desired, where a microbial rhodopsin can be
used to silence a cell, such as inhibiting a neuron from spiking. This would require the
microbial rhodopsin to cause hyperpolarization, creating a greater threshold potential
difference, so that any stimulus would fail to activate the natural voltage-triggered
Na+ channels. This was achieved by ion pumps like BR, HR, and archaerhodopsin-3
(AR3). For example, the movements of Caenorhabditis elegans roundworm was sig-
nificantly inhibited by the activation of HR in its muscle cells [38]. Although some
limited success were demonstrated, these microbial rhodopsins simply could not ef-
ficiently silence cells, because they only pump a single ion per photon and cannot
generate enough current. For this reason, researchers were trying to engineer cation
channelrhodopsins to conduct anions like the Cl- ions instead [39,40] or discover natural
light-gated ACRs. With the discovery of GtACR1 & GtACR2 [12], efficient optoge-
netic silencing was achieved.
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Ever since 2005, optogenetics has gained extreme popularity, especially among
the neuroscience community. It was named the Nature Method of the Year in 2010 [36].
Optogenetics has been used to research widely different things, including mapping
of neural circuitry [41–45], studying Parkinson’s disease [46,47], studying Alzheimer’s dis-
ease [48–50], recovery of blindness [51–53], pacemaker for the heart [54–56], and much more.
Despite being a relatively new technique, optogenetics is undoubtly one of the most
important biomedical technique today.
Although so many great researches are being conducted already, next generation
of researches can be achieved with improvements of the optogenetic tools—the mi-
crobial rhodopsins. Some experiments may require excitation of two or more groups
of cells separately, which would require two or more sets of ChRs that absorb at
significantly different wavelengths. Some experiments may involve cells deeper in the
tissue where blue light cannot reach; this would require a ChR with more redshifted
absorption maximum. Another experiment might involve cells that are sensitive to
the light being on for too long, so a ChR that works more like a switch, equivalent
to having a very long open-channel state, could be desirable.
Unfortunately, the molecular mechanism of ChRs are still not very well known,
so many of these possibilities are being discovered very slowly as a result of mass
mutations of existing ChRs. A better understanding of the molecular mechanism of
these optogenetic rhodopsins would facilitate in both bioengineering of ChRs with
desired properties and discovery of better optogenetic rhodopsins. Therefore, the
study of the molecular mechanism of optogenetic rhodopsins is critical for the im-
provement of optogenetics, and it is the main objective of the Molecular Biophysics
Laboratory at Boston University.
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1.3.2 Cation Channelrhodopsins
After the discovery of CrChR1 and CrChR2 in 2002 [9,10], many more cation
channelrhodopsins (CCR) have been discovered from other algae, including ones from
Volvox carteri, Chlamydomonas augustae, Chlamydomonas yellwstonensis, Chlamy-
domonas raudensis, Mesostigma Viride, Platymonas subcordiformis, etc [57–60]. One
common thing in most of these algae is that they are photosynthetic. Many mutants
and chimeras were also experimented, especially of CrChR2 [61].
An example of a mutant is the ChETA, which is the E123T mutant of
CrChR2 [62]. Glu123 in CrChR2 is the homolog of Asp85 in BR, which is a coun-
terion to its PSB. ChETA, as the name may suggest, provides a photocycle that is
much quicker than CrChR2 wild-type (WT). It was demonstrated to have shorter
than half the WT photocycle, and its peak current is generated in shorter than half
the time compared to WT. This is useful for optogenetic applications where faster
response times or higher repetition rates are necessary.
Most famous chimera is the C1C2 chimera, which is a combination of the first
five alpha-helices of CrChR1 and the last two of CrChR2 [63]. Although only two
helices are inherited from CrChR2, the chimera is very similar to CrChR2 in its
optical properties and function. This chimera is significant, because it is currently
the only ChR whose crystal structure has been resolved. Its structure showed many
similarities to BR structure; the alignment along the retinal is mainly unchanged,
while Asp292 appears to be 1 A˚ closer to the PSB than Asp212 is in BR, providing
some explanation of the large blueshifted absorption maximum of CrChR2 near 470
nm.
Another CCR of interest is CaChR1, which will be discussed more in detail
in Chapter 3. One advantage of studying CaChR1 is that its ground state retinal
chromophore is in pure all-trans form, whereas the more popular CrChR2 has mixed
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ground state retinal chromophore structure [64,65], which makes spectral analysis dif-
ficult.
1.3.3 Anion Channelrhodopsins
In cation pumps and CCRs, BR counterion Asp85 is highly conserved as either
aspartic or glutamic acid, as seen in Figure 1.4. However, HR, an anion pump,
was shown to have threonine instead. Hegemann’s group tried various mutations
to CrChR2 that includes changes to Asp90, the BR Asp85 homolog, which turned
the CCR into an ACR [39]. Deisseroth’s group also achieved this with a different
strategy [40]. However, none proved to be a very efficient optogenetic silencer, either
due to low throughput or leakage of cations.
First natural ACRs were reported by Spudich’s group in 2015, GtACR1 &
GtACR2 [12]. Unlike CCRs, they were found in crytophytes, single-celled non-
photosynthetic algae. They appeared to have evolved distinctly from the CCRs.
Several important residues are well conserved, like BR Lys216, Asp212, and Arg82,
but Asp85 is not conserved like in HR. Unlike the synthetic ACRs mentioned above,
these natural ACRs provided enough photocurrent at low light intensities to be effi-
cient optogenetic silencers. They are already being used in optogenetic application
researches like pacemakers [56]. More ACRs have been found since the discovery of
GtACR1, including ZipACR that produces larger photocurrent amplitude and faster
conductance cycle than other known ACRs [66].
Not much is known yet about ACRs or how they are different from CCRs. More
natural ACRs are also being discovered still. Studies on different CCRs and ACRs
will reveal their molecular mechanism and show their similarities and differences,
which will be crucial for better understanding of these important optogenetic tools
and provide possibilities for bioengineering rhodopsins more finely tuned for diverse
applications.
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Chapter 2
Experimental Techniques
The main tool used for our studies in the Molecular Biophysics Laboratory
(MBL) is optical spectroscopy. Spectroscopy is study of interaction between light and
matter, such as absorption or scattering. Our lab employs few different spectroscopy
techniques, and this chapter will discuss the theory and practice of these techniques.
2.1 Theory of Optical Absorption and Scattering
Before discussing the theory and practice of specific techniques, this section will
describe the general theory of optical absorption and scattering application to all
spectroscopy.
2.1.1 Transition Rate and Absorption Cross Section
We are interested in the interaction between light and matter. In order to
investigate this, we will have to look at transition rates and absorption cross section.
In this section, we will derive Fermi’s golden rule for transition rates, which we will
use to derive the absorption cross section for a dipole. Many physics books show this
derivation in different ways, but this section will mainly follow the method shown in
chapter 5 of Sakurai’s Modern Quantum Mechanics book [67].
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This quantum mechanical derivation interestingly involves a classical treatment
of light. We start with the Hamiltonian:
Hˆ | ψ〉 = i~ ∂
∂t
| ψ〉. (2.1)
Here, the Hamiltonian the classical electric field interacting with a dipole:
Hˆ = p
2
2me
− µ ·E, (2.2)
where the electric field can be described by
E =
E0
2
(ei(k·x−ωt) + e−i(k·x−ωt))ˆ
=
E0
2
(ei(ω/c)kˆ·x−iωt + e−i(ω/c)kˆ·x+iωt)ˆ.
(2.3)
Now, let’s define transition rate. In order to do that, we look at the state ket:
| ψ〉 =
∑
n
| n〉〈n | ψ〉
=
∑
n
cn | n〉.
(2.4)
The transition probability is defined as |cn|2, and transition rate is
wi→n =
d
dt
(∑
n
|cn|2
)
. (2.5)
We will solve this using the interaction picture of quantum mechanics.
Consider the time-evolution operator
| ψ〉 = UI(t, 0) | i〉
=
∑
n
| n〉〈n | UI(t, 0) | i〉,
(2.6)
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which leads to
cn = 〈n | UI(t, 0) | i〉
= 〈n | (1− i
~
∫ t
t0
VI(t
′)dt′) | i〉
= δni − i~
∫ t
t0
〈n | VI(t′) | i〉dt′,
(2.7)
where the second step is using the Dyson series of the interaction picture time-
evolution operator to the first order. Readers not familiar with this Dyson series is
referred to page 356 of [67]. We’re interested in transitions where the initial and the
final states are different, so the first term in equation 2.7 is zero. If we substitute in
the definition of interaction picture time-evolution operator, we get
cn(t) =
−i
~
∫ t
t0
〈n | eiEnt/~Vni(t′)e−iEit/~ | i〉
=
i
~
∫ t
t0
ei
En−Ei
~ t
′〈n | Vni | i〉(t′)dt′
(2.8)
Technically, this is c
(1)
n (t) because it’s only the first term in the Dyson series. We
won’t be discussing the other terms, so we’ll drop the (1) notation for our purposes
here.
In our example, Vni in the Hamiltonian from equation 2.2 is −µ ·E. So
cn(t) =
−i
~
∫ t
t0
E0〈n | µ · ˆ | i〉
2
(
ei(k·x−ωt
′) + e−i(k·x−ωt
′)
)
ei
En−Ei
~ t
′
dt′
=
−iE0µni
2~
(
eik·x
∫ t
t0
ei(ωni−ω)t
′
dt′ + e−ik·x
∫ t
t0
ei(ωni+ω)t
′
dt′
)
=
E0µni
2~
(
eik·x
1− ei(ωni−ω)t
ωni − ω + e
−ik·x1− ei(ωni+ω)t
ωni + ω
)
,
(2.9)
where ωni =
En−Ei
~ and µni = 〈n | µ · ˆ | i〉 to make the equation look simpler. We’re
considering absorption, so we only need to consider ~ω ∼ En−Ei. The first term in
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the parentheses would dominate, so let’s take the first term and square it.
|c−n (t)|2 =
E20µ
2
ni
~2
2− 2 cos (ωni − ω)t
(ωni − ω)2
=
E20µ
2
ni
~2
sin2 (ωni−ω)
2
t
(ωni − ω)2 .
(2.10)
This can be simplified further by taking the limit as t→∞, assuming the time
of interest is much longer than the interaction period. This allows us to use the
property
lim
n→∞
sin2 nx
nx2
= piδ(x).
Now taking equation 2.10 to limit as t→∞,
lim
t→∞
|c−n (t)|2 =
piE20µ
2
ni
2~2
tδ(ωni − ω), (2.11)
which finally leads to the transition rate (equation 2.5),
wi→n =
piE20
2~2
|〈n | µ · ˆ | i〉|2 δ(ωni − ω), (2.12)
where we also used the property δ(2x) = 1
2
δ(x). This equation is also known as
Fermi’s golden rule.
Now that we have the transition rate, we can calculate the absorption cross
section, which is defined as
σabs =
((Energy/unit time) absorbed by the atom (i→ n)
Energy flux of the radiation field
, (2.13)
where the energy flux is defined by classical electromagnetic theory,
Φ = cU = 0c
2
|E0|2. (2.14)
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Combining everything and remembering that the energy of a photon is ~ω, We finally
obtain the absorption cross section for an electric dipole transition:
σabs =
piω
0~2c
|〈n | µ · ˆ | i〉|2 δ((En − Ei)− ~ω) (2.15)
2.1.2 Beer-Lambert Law
We cannot measure absorption cross section directly. What we can measure in
spectroscopy is the intensity of light before and after the sample. So instead of work-
ing with absorption cross section directly, we’ll have to come up with a macroscopic
formula. Let’s consider a light going through a sample with number density n and
absorption cross section σabs per particle. Change in intensity can be described by
dI = −σnIdz, (2.16)
which has the solution
I = I0e
−σabsnz. (2.17)
This can be written in a more familiar way that’s also more convenient to work with,
as a base 10,
T = I/I0 = 10
−εc`, (2.18)
where T stands for transmission, ε is the molar extinction coefficient, c is the molar
concentration, and ` is the path length. This is known as the Beer-Lambert Law.
The exponent
A = εc` (2.19)
is also called the absorbance and has a dimensionless unit of measure called optical
density (OD). The convenience is that 1 OD corresponds to 10% transmission through
the sample, and 2 OD 1%, etc.
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The relationship between number density, n, and molar concentration, c, is
pretty clear: c = n
NA
, where NA is the Avogadro’s number. Thus, the extinction
coefficient can be described in terms of scattering cross section by
ε(ω) =
NA
ln 10
σabs(ω). (2.20)
2.2 Visible Absorption Spectroscopy
UV-Vis spectrometers are very direct application of the Beer-Lambert law, in
that it measures the transmission of light through the sample. Although there are
few different ways researchers run UV-Vis spectroscopy, this concept of measuring
transmission is almost always stays the same. A typical range for UV-Vis spectra 200-
800 nm, which is high in energy and will be involved with excitation of the electronic
levels. Peptide bonds are responsible for absorption near 200 nm and residues with
aromatic rings, such as phenoalanine, tyrosine, and tryptophan, are responsible for
absorption near 280 nm. Of the most interest to us in rhodopsins is the absorption
by retinal, whose absorption is closely related to the conjugation and delocalization
of its pi-electrons and its local environment in the protein.
UV-Vis spectra suffer greatly from scattering at low wavelengths. This scatter-
ing baseline is difficult to subtract, as the exact shape of the curve depends on the size
and shape of the scattering particles and vary from sample to sample, and even over
time. For static spectra, the baseline is subtracted by manually fitting to a quartic
curve using GRAMS/AI version 7.02 (Thermo Fisher Scientific). For time-resolved
spectra, this becomes impractical. Fortunately, baseline subtraction is usually unnec-
essary, because we are interested in difference spectra and the baseline typically stay
the same in the time frame of one cycle of an experiment. However, low-temperature
time-resolved UV-Vis spectra suffer from baseline drift as the experiments are long
and the BaF2 windows suffer a major temperature dependent change in absorbance.
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An automated baseline fitting procedure is implemented through MATLAB (Math-
Works), where iterative χ2 minimization was used with a combination of Rayleigh
and Tyndall scattering curves on the difference spectra.
2.2.1 Static UV-Vis Spectroscopy
The most common UV-Vis spectroscopy technique is sending one wavelength of
light at a time through the sample using a monochromator. A spectrum is acquired
by the rotation of the monochromator(s). MBL has two instruments that utilizes
this method—Cary 50 and Cary 6000 (Agilent Technologies). Cary 6000 uses the
broad white light emitted by tungsten halogen bulb for wavelengths 350 nm or above,
while deuterium lamp is used for below 350 nm. Cary 50 uses a xenon flash lamp
that sends flashes of light during measurement and is unaffected by ambient light.
Cary 50 follows Czerny-Turner design monochromator and Cary 6000 follows double
Littrow design monochromator, which results in a higher performance. Both Cary
50 and 6000 use double beam design, where the incoming light is split into reference
and probe beam, to minimize any effect from fluctuation in beam intensity.
2.2.2 Time-resolved Visible Absorption Difference Spectroscopy
Principle of Difference Spectroscopy
At MBL, we are often interested in changes in absorbance in response to external
stimulus, in our case, a photon that triggers the photocycle. Instead of comparing
raw absorbance spectra before and after the excitation, it’s more convenient to look at
difference spectra. Absorbance can be expressed in terms of intensity using equations
2.18 and 2.19,
A = − log10
(
I
I0
)
. (2.21)
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Using this, we can look at what a difference absorbance would look like.
A2 − A1 = − log10(
I2
I2
), (2.22)
where I used the property of logarithms logA + logB = logA ·B. Since what we
measure is proportional to the intensity, this gives us the ability to calculate the
difference absorbance from the data collected. We can also express this difference
absorbance in terms of the extinction coefficient, or the absorption cross section.
Using the definition of absorbance from equation 2.19,
A2 − A1 = (ε2 − ε1)c`
= (σ2 − σ1)n`.
(2.23)
Clearly, the difference absorbance simply measures the change in the extinction co-
efficient, or equivalently, the absorption cross section.
Experimental Design
Cary 6000 was also utilized to run a time-resolved difference spectroscopy. It
would be equipped with a liquid nitrogen cooled cryostat (Optistat DN2, Oxford In-
struments) to cool a sample film to temperatures from 80 K to 270 K. Once cooled,
spectra are acquired, then the sample is photoexcited using fiber-coupled LED (Thor-
Labs) for 1 minute, then spectra are acquired while the sample thermally decays, from
30 to 180 minutes, at 1 minute interval. This procedure is used more extensively on
the Fourier transform infrared difference spectroscopy and will be discussed in detail
in section 2.3.
Another popular UV-Vis technique is to send a broad white light through the
sample and collect the light on a CCD camera, where the wavelengths are split by
a diffraction grating between the sample and the CCD. The advantage here is that
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Fig. 2.1: Diagram of a custom built laser-induced transient absorption spectroscopy
(LITAS) setup, showing the 532 nm excitation laser, xenon white-light flashlamp,
qPod sample holder, and spectrograph with an ICCD.
you can acquire the entire spectrum simultaneously, but this requires significantly
more intensity of light, which may be harmful to the sample. In our case, the issue
of this technique is driving the photocycle of our rhodopsin. However, this issue can
be avoided by giving enough time between flashes for the sample to decay back to
the ground state; in other words, repetition period should be longer than the length
of the photocycle.
MBL uses a custom-built laser induced transient absorption spectroscopy
(LITAS) setup using a sample holder (qPod 2e,Quantum Northwest), a xenon flash
lamp (model L9455-03, Hamamatsu), a 532nm Q-switched Nd:YAG laser (Minilite,
Continuum), and a spectrograph with an ICCD camera (Shamrock-163, Andor Tech-
nologies). Comparing the experiment to a traditional pump-probe spectroscopy, the
Nd:YAG laser plays the role of a pump beam and the xenon flash lamp plays the
role of a probe beam. As shown in Figure 2.1, qPod is a cubic sample compartment
with four accessible sides with a standard 1 cm cuvette holder in the center. The
cuvette holder has a Peltier temperature control unit with a liquid transfer line with
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Fig. 2.2: An example of a LITAS spectrum. The above spectrum is acquired from
archaerhodopsin-3 L103M mutant at 25 ◦C with Trep = 5 s, Navg = 7, Ncycle = 10,
and Nt = 100.
ability to change temperature from -35 ◦C to 105 ◦C, depending on the liquid. qPod
is also equipped with a purge line to avoid condensation on the cuvette. The Hama-
matsu xenon flash lamp is fiber-coupled into one side of qPod, with a collimating
lens that sends the light through the cuvette. On the other side is collector lens
and fiber optics that leads to the entering slit on the Shamrock spectrophotometer.
The Nd:YAG laser enters the qPod perpendicular to the flash lamp light path in free
space (without any fiber optics).
A custom LabVIEW (National Instruments) code controls the triggering of the
two light sources and the ICCD, and a custom Solis (Andor Technologies) software
collects the data from the ICCD, while Q-Blue (Quantum Northwest) controls the
qPod temperature (typically at 5 ◦C or 25 ◦C). For a spectrum acquisition with ∆t
between the pump and the probe at the sample, LabVIEW software sends a command
to a digital delay generator (DDG) (Model 575, Berkeley Nucleonics), which sets time
delays among four components: 1) xenon flash lamp, 2) ICCD, 3) laser flash lamp,
and 4) laser q-switch. The delay between the laser flash lamp and q-switch is fixed
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at 150 µs, as defined by the instrument. The laser has full-width half-maximum
(FWHM) of approximately 5 ns or less with maximum of 12 mJ per pulse. The
xenon flash lamp has a rise time of about 80 ns after a TTL input with full-width
half-maximum of approximately 500 ns, and outputs up to 8.5 mJ per shot. ∆t is
added to the delay between the laser and the xenon flash lamp, in addition to the
delay caused by instruments and optical path difference. LabVIEW then sends a
pulse to the DDG to produce two of those pulses—the xenon flash lamp and the
ICCD. This will be the reference spectrum. After a given repetition period Trep,
LabVIEW sends a command to the DDG to re-enable the other two outputs, then
sends out all four pulses. The laser fires, and the xenon flash lamp fires after ∆t, then
the ICCD acquisition starts as the xenon flash lamp light reaches the ICCD. Finally,
this repeats Navg times at the given Trep, then the whole thing repeats for Nt times
with different time delays ∆t, then that entire cycle repeats Ncycle times. ∆t typically
ranges from 100 ns to 1.9 s (sometimes up to a minute) and is logarithmically spaced.
An example of a LITAS spectrum is shown in Figure 2.2.
2.3 FTIR Difference Spectroscopy
Fourier transform infrared spectroscopy is an absorption technique, but it does
not measure I(k) directly. It measures I(∆x) that needs to be changed to I(k) using
Fourier transform.
2.3.1 Principle of FTIR Difference Spectroscopy
The general setup for a FTIR spectrometer is the same as a Michelson interfer-
ometer, which involves an incoming light with broad spectrum being split equally into
two arms, where one of them has a fixed mirror and the other a moving mirror, then
the reflected beams are recombined as shown in Figure 2.3b. This recombined beam
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produces an interference like the one shown in Figure 2.4a, which is proportional to
our I(∆x).
In order to get I(k), we need to do a Fourier transform, defined as
Fk =
N−1∑
n=0
fxne
−2piikxn/N , (2.24)
where xn = nδ for some fixed length interval δ. The above is the discrete version of
Fourier transform, because the data collected will be discrete—voltage reading on the
detector as a function of the moving mirror position at specific intervals. There are
two things that can be controlled—δ and N . Given high enough N , the resolution
of a FTIR spectrum is limited by the maximum length of travel by the mirror,
∆k ∼ 1
xmax
. (2.25)
A typical range for distance that the mirror moves is 0.1 - 1 cm, and a typical range
of resolution of a FTIR spectrometer is 0.5 - 8 cm-1.
(a) (b)
Fig. 2.3: (a) Drawing of the Optistat DN2 cryostat. (b) Diagram of BioRad FTS-
60A FTIR spectrometer equipped with Optistat DN2 cryostat. A cartoon of LED
illumination paths is also shown.
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(a) (b)
Fig. 2.4: (a) An example of interferogram produced by a FTIR spectrometer. (Fig-
ure by Byrnes from his Wikipedia page). (b) An example of a FTIR difference
spectrum. The spectrum shown above was acquired from bacteriorhodopsin at 80 K
by illuminating it with 530 and 590 nm LEDs.
The advantage of FTIR is its speed. Because all the light is collected together
without the use of a monochromator, FTIR spectrometers can acquire a whole spec-
trum of a very wide range (typically 400 to 4000 cm-1) in a single round trip of the
moving mirror. Another advantage is that there is no need to calibrate the system,
as the co-aligned HeNe laser accurately reads the mirror position.
2.3.2 Low-temperature FTIR
As mentioned in section 1.2.2, different photointermediate states of microbial
rhodopsins can be trapped at different temperatures. For this purpose, MBL uti-
lizes a FTIR spectrometer (FTS-60A, Agilent Technologies) equipped with a liquid
nitrogen cryostat (Optistat DN2, Oxford Instruments). As shown in Figure 2.3a, the
cryostat has a sample chamber in the middle, where the sample holder is lowered
into. The sample chamber is sealed with two barium fluoride (BaF2) windows from
the outer vacuum chamber (OVC), which is constantly kept at high vacuum using a
turbo-pump (TurboLab 80, Oerlikon Leybold). The OVC is sealed from the atmo-
sphere by two calcium fluoride (CaF2) windows. For cryogenic use, helium is used as
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the heat exchange gas in the sample chamber. Figure 2.3b shows BioRad FTIR spec-
trometer fitted with the cryostat, showing the standard FTIR design with Michelson
interferometer setup. Also shown are the paths for the LEDs used to excite the sam-
ple. These LEDs are connected to a LED control box (DC4100, ThorLabs), which
a custom software (Visual Basics 6.0, Microsoft) controls through a microcontroller
(Arduino Uno, Arduino) connected to the DC4100.
A film sample on a 1 mm thick, 17 mm round BaF2 window (Crystran Ltd, UK)
is sealed with an o-ring (McMaster-Carr) and second BaF2 window using Parafilm
and teflon tape. The cell is placed on the sample holder for the cryostat equipped
with a PID temperature controller (ITC503, Oxford Instruments) and lowered into
the cryostat. The sample rests in the dark at room temperature for minimum of
30 minutes to equilibrate, then it is cooled using liquid nitrogen in the dark un-
der vacuum. Once it cools several tens of degrees, sample chamber is filled with
helium to allow the sample to cool rapidly. It is cooled to designated temperature
and equilibrated for at least 30 more minutes. For microbial rhodopsins that are
known to exhibit dark-adapted state (like BR and AR3), the sample is light-adapted
(illuminated with light) for at least 10 minutes before cooling in the dark to remove
the dark-adapted state, which exhibit a different photokinetics compared to light-
adapted state. Measurements for probing different intermediates are made at specific
temperatures, in the range from 80 K to 270 K. Resolution of 4 cm-1 is used for all
experiments.
There are two types of measurements made with this setup. First is what is
called ”push-back” experiments. The spectra are acquired in Ncycle cycles, where
each cycle consists of the following scan conditions: (1) dark, (2) illumination with
excitation LED†, (3) dark, and (4) illumination with push-back LED†. During each
†All fiber-coupled LEDs are from ThorLabs. Model number is designated MxxxF1/2, where
xxx is the peak wavelength. For example, the model name for 530 nm LED is M530F2.
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condition, 200 scans are acquired, which takes approximately 1 minute with 5 sec-
ond downtime between each condition. For wild-types of BR, AR3, CaChR1, and
GtACR1, 530 nm LED is typically used as the excitation LED. For BR and AR3, if
a blue-shifted photointermediate is studied, 590 nm LED is used to avoid accidental
push-back with 530 nm. The wavelength for push-back LED depends on the trapped
photointermediate. For example, if BR is excited using 590 nm LED at 220 K such
that the M state is trapped (see section 1.2.2), a 405 nm LED is used to drive the M
state back to the ground state of BR. Sometimes, no push-back LED is used if the
protein decays to ground state within a cycle, especially at higher temperatures.
Spectra within individual conditions are averaged, then the difference spectra
are calculated—”2-1”, ”3-1”, ”4-1”, ”3-2”, etc. For example, ”2-1” average spectrum
refers to the averaged (1) spectrum subtracted from averaged (2) spectrum. Aver-
age spectra and first-push spectra are often different and differentiated. First-push
spectra refers to spectra from just the first cycle. Unless specified, average spectrum
is assumed. Sometimes, numbers above 4 are used to refer to the scans from the
next cycle. For example, ”5-1” spectrum refers to the (1) spectrum subtracted from
the (1) spectrum in the previous cycle. This ”5-1” average spectrum is used as the
baseline drift and is subtracted from the other average spectra using dewiggling [68]
technique, which involves minimizing the first derivative of the difference spectrum.
Second type of measurement is a pure decay spectra from a single excitation,
called ”decay” experiments. It is a simpler experiment than the push-back experi-
ment; however, we keep the convention of naming the spectra. The experiment goes
as follows: (1) dark, (2) illumination with excitation LED, (3) dark, (4) dark, (5)
dark, etc. Typically, up to 12 dark scans are used after the LED excitation. So
”2-1” refers to spectrum (1) subtracted from spectrum (2), and ”10-1” refers to spec-
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trum (1) subtracted from spectrum (10), which is the spectrum of approximately 8th
minute after the LED excitation.
The advantage of low-temperature FTIR difference spectroscopy is the quality
of the acquired spectra. Because the sample is trapped in a stable state, many scans
be taken over it to achieve high resolution and high signal-to-noise ratio. However,
the cryogenic temperatures are inherently non-physiological conditions, and artifacts
due to these low temperatures are not well known. Some prefer more physiological
conditions, requiring a time-resolved FTIR difference spectroscopy.
2.3.3 Time-resolved FTIR
There are two major time-resolved FTIR techniques—rapid scan and step scan.
MBL uses the rapid-scan technique with a FTIR spectrometer (IFS66v/s, Bruker Op-
tics), a sample holder (Harrick Scientific Products), and an excitation laser† (Minilite,
Continuum). The sample holder is connected to a recirculating water chiller (NES-
LAB RTE-211, Thermo Scientific) for temperature control and stability. The laser
beam follows similar path as the LEDs for the BioRad spectrometer setup for low-
temperature measurements (see Figure 2.3b). The acquisition is managed by a cus-
tom program written in Opus (Bruker Optics), which controls the spectrometer to
send a signal out to a digital delay generator (505-4C, Berkeley Nucleonics), which
in turn controls the timing between the laser excitation and detector acquisition. As
you can see in Figure 2.4a, an FTIR spectrum can be acquired with a full movement
of the interferometer mirror centered around the zero-path difference position, or
near it. The interferogram is symmetric‡ around the zero-path difference, so each
half interferogram should give us the same full spectrum. In addition, the spectrum
†Same Nd:YAG laser used for LITAS experiments. See section 2.2.2 for specifications.
‡In practice, the interferogram is not exactly symmetric due to phase difference. There are
common procedures to correct this effect, but this topic will not be covered in this dissertation.
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should be same regardless if the mirror is moving ”forward” or ”backward”. So in
total, we can maximally collect four spectra in a single round trip of the mirror. The
interferometer can operate up to 240 kHz, corresponding to <8 ms per spectrum†.
A film sample on a 2 mm thick, 25 mm round calcium fluoride (CaF2) window is
sealed with an o-ring and another CaF2 window in a Harrick cell and placed vertically
in the spectrometer to equilibrate at a designated temperature for at least an hour.
The measurement is started with 16 baseline scans, and averaged with corresponding
quadrants to get 4 baseline spectra. Immediately afterwards, the spectrometer is set
to wait for an input signal to start taking measurements. Also, a signal is sent to
the DDG, which in turns sends three signals—one to the spectrometer and two to
the Nd:YAG laser. Once the spectrometer receives the signal, it starts to take 80 to
160 spectra. The delay between the spectrometer and the laser is set such that the
laser flash excites the sample around 5th to 7th spectrum. This is repeated for several
hundred cycles with each cycle starting Trep after start of the previous cycle, where
Trep depends on the photocycle time of the protein at the designated temperature.
Post-experiment analysis is done on MATLAB (MathWorks) and involves calculating
difference absorbance of all the spectra using the corresponding quadrant baseline
for each spectrum. In achieve higher signal-to-noise ratio, several spectra are often
averaged together.
†The temporal resolution the rapid-scan technique is limited by the mirror movement speed.
This is not the case in step-scan, where the limiting factor is detector speed, which can be in the
order of nanoseconds or less.
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2.4 Near-infrared Near-resonance Raman Spectroscopy
2.4.1 Theory of Raman Scattering
Basis for Raman shift
Unlike UV-Vis and FTIR spectroscopy, Raman spectroscopy does not involve
an absorption process, it involves an inelastic scattering of light with a molecule
(although it can be described by Fermi’s golden rule as an absorption-emission process
if many more perturbation orders are considered). Instead of a dipole transition,
Raman scattering involves change in polarizability. I will show derivation in both
classical and quantum mechanical models, following closely the steps shown in Peter
Bernath’s Spectra of Atoms and Molecules book [69].
Let’s start with the definition of induced dipole moment, which occurs by elec-
trons and nuclei moving in opposite directions due to an applied electric field,
µind = αE, (2.26)
where α is the polarizability of the molecule. We can describe the electric field as
usual, E = E0 cos(ω0t)ˆ. We can also expand α,
α = α0 +
∂α
∂Q
∣∣∣∣
Q=0
Q+
1
2
∂2α
∂2Q
∣∣∣∣
Q=0
Q2 + ..., (2.27)
where Q is the normal coordinate of a vibration mode, which can be described as
Q = Q0 cosωt, (2.28)
where ω is the frequency of the vibrational mode.
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Fig. 2.5: Energy schematic comparison of infrared absorption and scattering pro-
cesses. Rayleigh scattering is a visible scattering process that does not excite a
vibrational band. Figure is adapted from Wikipedia.
Plugging in equations 2.28 and 2.27 into equation 2.26, and only looking up to
the first order, we can get
µind = α0E0 cosω0t+
∂α
∂Q
∣∣∣∣
Q=0
QE0 cosω0t cosωt
= α0E0 cosω0t+
α1E0
2
(cos(ω0 − ω)t+ cos(ω0 + ω)t) ,
(2.29)
where α1 =
∂α
∂Q
∣∣∣
Q=0
Q. First term has the same frequency as before and corresponds
to elastic scattering, or Rayleigh scattering. The other terms correspond to the
inelastic scattering, or Raman scattering. The lower frequency (and energy) term is
referred to as the Stokes scattering, and the higher frequency (and energy) term is
referred to as the anti-Stokes scattering.
Basis for resonance Raman enhancement
The classical treatment is very simple and shows the basis of Raman scattering,
but it is not complete. It does not gives us a good idea of the amplitudes. It actually
appears as if Stokes and anti-Stokes have same amplitude, which they do not. More
importantly, it does not capture the resonance enhancement effect—equation 2.29
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does not shown any dependence on the incident frequency. In order to look at
the amplitudes, we need to consider quantum mechanics. We are interested in the
transition dipole moment,
M kn(t) = 〈ψk | µ | ψn〉, (2.30)
and the intensity of radiation from this dipole will be proportional to |M kn|2. Note
that I dropped the ”ind” from µind, to keep the following equations simpler. As in
section 2.1.1, the perturbation to the Hamiltonian is
Hˆ′ = −µ ·E0 cosωt. (2.31)
Perturbed wavefunction can be written as
| ψn〉 =| ψ0n〉+ | ψ1n〉+ | ψ2n〉+ ..., (2.32)
such that the zeroth-order wavefunction is the solution to the unperturbed time-
dependent Schro¨dinger equation,
Hˆ0 | ψ0n〉 = ih
d
dt
| ψ0n〉 (2.33)
and has the form
| ψ0n〉 = e−iωnt | ψ0n(x)〉 (2.34)
The perturbed Schro¨dinger equation becomes
(
Hˆ0 − µ ·E0 cosωt
)
| ψn〉 = ih d
dt
| ψn〉. (2.35)
Using equations 2.32 and 2.35, and only keeping terms to the first order, we can
derive
Hˆ0 | ψ1n〉 − i~
d
dt
| ψ1n〉 = µ ·E0 cosωt | ψ0n〉, (2.36)
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which has the solution of the form
| ψ1n〉 = e−i(ωn+ω)t | ψ+n (x)〉+ e−i(ωn−ω)t | ψ−n (x)〉. (2.37)
Combining equations 2.36 and 2.37, then separating the two different time de-
pendencies, we get
(
Hˆ0 − En + ~ω
)
| ψ+n (x)〉 =
1
2
µ ·E0 | ψ0n(x)〉 (2.38)
and (
Hˆ0 − En − ~ω
)
| ψ−n (x)〉 =
1
2
µ ·E0 | ψ0n(x)〉. (2.39)
If we apply the identity,
∑
r | ψ0r(x)〉〈ψ0r(x) |, on the right-hand side and express
| ψ+n (x)〉 and | ψ+n (x)〉 as sum of orthonormal wavefunctions (
∑
r cr | ψ0r(x)〉), we can
rewrite equation 2.38 and 2.39 as
∑
r
(Er − En − ~ω)c+r | ψ0r(x)〉 =
∑
r
1
2
µrnE0 | ψ0r(x)〉 (2.40)
and ∑
r
(Er − En + ~ω)c−r | ψ0r(x)〉 =
∑
r
1
2
µrnE0 | ψ0r(x)〉, (2.41)
where µrn = 〈ψ0r(x) | µ · ˆ | ψ0n(x)〉. From equations 2.40 and 2.41, we can easily
obtain the expansion coefficients
c+r =
1
2
µrnE0
Er − En − ~ω and c
−
r =
1
2
µrnE0
Er − En + ~ω . (2.42)
The first-order corrected wavefunction is
| ψ1n〉 =
E0
2~
∑
r
(
µrn
ωrn − ωe
−i(ωn+ω)t +
µrn
ωrn + ω
e−i(ωn−ω)t
)
| ψ0r(x)〉, (2.43)
where ωrn = (Er − En)/~.
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Now going back to equation 2.30, we can calculate the transition dipole moment
M kn(t). Clearly, the zeroth order is an unshifted term, so we’ll only look at the first
order term.
|M 1kn(t)| =
E0
2~
e−i(ω−ωkn)t
∑
r
µkrµrn
(
1
ωrn − ω +
1
ωrn + ω
)
+
E0
2~
e−i(ω+ωkn)t
∑
r
µkrµrn
(
1
ωrn − ω +
1
ωrn + ω
)
,
(2.44)
where µkr = 〈ψ0k(x) | µ | ψ0r(x)〉. Clearly, the first term corresponds to Stokes scat-
tering, and the second term corresponds to anti-Stokes scattering. It’s interesting to
note that the summation terms are equal in both Stokes and anti-Stokes scattering.
Remember that r stands for all possible eigenstates. The term 1
ωrn−ω becomes very
large when ω ∼ ωrn for some r. This is the basis for resonance Raman enhancement!
Equation 2.44 tells us that when the wavelength of the excitation light is tuned close
to the energy gap between the initial state and a real excited state, the Raman scat-
tering intensity is enhanced. The derivation was not completely rigorous and is still
missing a few terms, so the term doesn’t actually go to infinity. This enhancement
is verified and widely used in experiments, and order of 105 enhancements can be
achieved.
2.4.2 Experimental Design
At MBL, two separate Raman spectrometers were used—Senterra (Bruker Op-
tics) and inVia (Renishaw). The exact layouts are different, but the concept is
the same. They are both epi-illumination microscope with an excitation laser and
a sharp long-pass beamsplitter above the excitation laser wavelength, as shown in
Figure 2.6 for the Senterra microscope. The incoming laser is focused through a
pinhole, reflected off of the beamsplitter, focused through a 20× objective with a
numerical aperture (NA) of 0.4, and excites the sample, typically a buffer solution
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Fig. 2.6: Diagram of Senterra confocal resonance Raman spectroscopy microscope
equipped with a 785 nm excitation laser.
with a very high concentration of rhodopsin in a 0.5 mm x 0.5 mm borosilicate tube.
The scattered beam is collected back through the objective, and only the light with
wavelength greater than excitation wavelength passes through the beamsplitter. The
beam goes through a pinhole in a confocal geometry to enable depth resolution. Then
the beam is spectrally separated with a blazed grating (1200/mm) and collected on
a CCD. Because we’re only collecting redshifted light, we are strictly probing Stokes
scattering.
Bruker Senterra is equipped with a 785 nm laser with maximum output of
100 mW (<40% throughput at the sample) and has effective resolution of 4cm−1.
Renishaw inVia has the option of three laser wavelengths—780 nm, 633 nm, and 532
nm. The 780 nm is typically used, which has maximum output of 300 mW (<25%
throughput at the sample) and has effective resolution of 1.2 cm-1. Renishaw inVia
is manually calibrated to the strong 520.9 cm-1 band of an internal silicon chip before
each use. Data is acquired in Ncycle cycles consisting of a measurement for Ton and
resting in the dark for Toff , approximately half the amount of time as Ton. Ncycle
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is typically in the range from 30 to 1000. Typical values of Ton are 2 minutes on
Senterra and 30 seconds on inVia. The acquired spectra are averaged, and the
empty borosilicate capillary spectrum is subtracted in GRAMS/AI 7.02 (Thermo
Fisher Scientific) to remove the fluorescence background of the borosilicate. Finally,
a multipoint linear baseline correction is performed, also in GRAMS, to obtain the
final resonance Raman spectrum to be analyzed. Any peak fitting performed on this
spectrum is also done using GRAMS.
2.5 Biochemical Techniques
All of the spectroscopy techniques detailed above would not be possible without
the production of good microbial rhodopsins samples. MBL grows Escherichia coli
to express AR3 and Pichia pastoris to express channelrhodopsins. AR3 is not the
main focus of this dissertation, and its expression and purification in E. coli will
referred to previous publications from our group [70,71]. Original P. pastoris cultures
expressing 7TM domain of channelrhodopsins or their mutants were received from our
collaborators at University of Texas in Houston. The expression, purification, and
reconstitution procedures are similar to ones described their group [58,72]. The proce-
dure below is for GtACR1, but difference in CaChR1 will be shown in parentheses
as needed. The stable isotope labeled retinals were received from our collaborators
at Leiden University in Leiden, Netherlands.
2.5.1 Channelrhodopsin Protein Expression, Purification, and Reconsti-
tution
Cells were grown in buffered minimal glycerol yeast (BMGY) medium, and
the expression of channelrhodopsin was induced by adding 0.5% methanol every 24
hours in the presence of 5 µM all-trans retinal. After 2 days, cells are harvested by
low-speed centrifugation, and its membrane is disrupted by a bead beater (model
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1107900-101, BIOSPEC Products). Remains were collected by centrifugation for
40 minutes at 38000 rpm, then solubilized by 3% dodecyl maltoside (DDM) (N -
octyl-D-glucopyranoside (OG) for CaChR1). The protein was partially purified on
a Ni-NTA agarose column (Qiagen, Germany). The proteins were eluted in 20 mM
HEPES at pH 7.4, 100 mM NaCl, 1% OG (0.05% DDM), and 300 mM imidazole. For
reconstitution in membrane lipids, E. coli polar lipids (ECPL) (Avanti Polar Lipids)
was added as 5 mM solution in 10% OG in a 1:10 w/w ratio (GtACR1:ECPL), then
incubated for 30 minutes at 4 ◦C (1 hour at room temperature for CaChR1). The
procedure for reconstituted protein is different for GtACR1 and CaChR1.
For GtACR1, the solution was dialyzed overnight against 50 mM K2HPO4 and
100 mM NaCl (pH 7.3) in a dialysis cassette with 10 kDa cutoff (Slide-A-Lyser,
Thermo-Fisher). After a buffer change, it was dialyzed for an additional 4 hours.
The protein was collected by centrifugation for 2 minutes at 15000g, washed twice
with 5 mM phosphate buffer (pH 7.0), washed twice with 5 mM K2HPO4 and 100
mM NaCl buffer (pH 7.3), then stored in the same buffer.
For CaChR1, 0.25 g of SM-2 Bio-Beads (Bio-Rad Laboratories) was added,
and the mixture was incubated for 1 hour at 4 ◦C (room temperature for CaChR1)
with slow rotation. The suspension was transferred to a fresh tube with 0.25 g
of SM-2 Bio-Beads and incubated again overnight with slow rotation. The protein
was collected by centrifugation for 3 minutes at 15000g, washed twice with 10 mM
phosphate buffer (pH 7.0), then stored in the same buffer.
Although the purification and reconstitution process involves the use of de-
tergent such as OG or DDM, proteins are always reconstituted in ECPL at MBL
to mimic their natural environment as closely as possible. It is a well-known phe-
nomenon for membrane proteins that the use of different lipids or detergents can
have great effect on its folding or function [65,73–76].
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2.5.2 Site-directed Mutagenesis
One of the most effective ways to study the role of a specific residue in a
rhodopsin is to identify the spectroscopic changes that occur when the residue is
mutated; this technique of changing specific residues is called site-directed muta-
genesis. The mutants are produced by our collaborators at University of Texas in
Houston with a site-directed mutagenesis kit (QuikChange XL, Stratagene Califor-
nia) [59]. The mutants are purified and reconstituted with the same procedure as
wild-type.
2.5.3 Retinal Regeneration with Stable Isotope Labeled Retinal
The retinal plays a major role in a rhodopsin’s photocycle, as it is what absorbs
the photon and triggers the first steps in the photocycle. Because of this, study of its
vibrational peaks is crucial. However, some retinal bands overlap with protein bands,
like amide I and amide II, making identification of these peaks difficult. Stable isotope
labels, such as 13C or 2H, can shift retinal peaks, separating it from the protein peaks.
MBL uses two stable isotope labeled retinals—all-trans-[14-2H,15-2H] and all-trans-
[15-2H,15-13C]. In addition to isotope labeled retinals, A2 retinal (Toronto Research
Chemicals) is also sometimes used.
Reconstituted purified protein is bleached by suspending in 25 mM hydroxy-
lamine, 50 mM K2HPO4buffer (pH 7.2) and exposed to 530 nm LED illumination
until >95% conversion was achieved by monitoring with UV-visible spectroscopy
(Cary 50, Agilent Technologies). The concentration of the protein can be estimated
by the absorbance level of retinal oxime band at 360 nm, which has a known extinc-
tion coefficient of 33,600 M-1cm-1 [77]. The bleached solution is dialyzed against 300
mM NaCl, 50 mM K2HPO4, pH 7.2 buffer to remove excess hydroxylamine and free
retinal oxime. A 2-fold stoichiometric excess of the non-native retinal was added as a
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2 mM EtOH solution. The level of regeneration was determined by the 280 nm:λmax
ratio.
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Chapter 3
Molecular Mechanism of Cation Channelrhodopsin from Chlamydomonas augustae
As discussed in section 1.3.2, channelrhodopsins were studied since 2002 with
the discovery of CrChR1 and CrChR2. Up until 2015, all of the natural ChRs
were cation conducting, but blocked anion flow. As mentioned in chapter 1, the
term channelrhodopsin (ChR) will be used to refer to both cation and anion ChRs
collectively, whereas CCR and ACR will be used to differentiate the two.
CrChR2 has been the most widely studied ChR. However, CrChR2 absorbs
near 470 nm, and a red-shifted channelrhodopsin was desired, which scatters less and
allows deeper penetration into scattering media. Channelrhodopsin-1 from Chlamy-
domonas augustae (CaChR1) was discovered in 2011 [58] and has a red-shifted λmax
near 520 nm. This chapter will discuss the three major experimental work that ac-
cumulated to a better understanding of the photocycle mechanism of CaChR1 [78–80].
3.1 Background on CaChR1
Chlamydomonas augustae, sometimes referred to as Chlamydomonas nivalis, is
a North American species of green algae that live in snow [81]. Snow algae are often
responsible for appearance of color in snow; C. augustae causes the color pink or
red snow and is responsible for the term pink or red snow. Chlamydomonas green
algae have a common trait of having an eye spot, which plays a role in phototactic
responses. The phototactic response in Chlamydomonas reinhardtii has been known
to require cations (Ca++ and either K+ or NH+4 )
[82]. The membrane proteins in this
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Fig. 3.1: Sequence of CaChR1 and predicted folding pattern in the membrane based
on earlier models of microbial rhodopsins. Highlighted residues are the homologs of
Asp85 and Asp212 in BR that comprise the complex counterion to the SB.
eye spot responsible for phototaxis are channelrhodopsins (CCRs) [83]. CCRs act as
light-gated passive cations channels, which trigger the movement of flagella in green
algae.
CaChR1 is a CCR from the eye spot of C. augustae. Although it produces signif-
icantly less photocurrent compared to CrChR2, it has a more red-shifted absorption
maximum and a slower photocurrent inactivation compared to CrChR2, which may
be a desirable traits for some optogenetic applications. Like CrChR2, both residues
homologous to BR counterions are conserved—Glu-169 and Asp-299 (homologous
to BR Asp-85 and Asp-212, respectively) as shown in Figure 3.1. Flash photolysis
on CaChR1 revealed familiar photocycle states—K-like state (λmax ≈ 570nm), M-
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like state (λmax ≈ 380nm), and O-like state [84]. CaChR1 M state is the long-lived
conducting state.
The 7-helices of CaChR1 has molecular mass of approximately 35 kDa compared
to BR’s 27 kDa. Its extinction coefficient is significantly less than that of BR (36000
M−1cm-1 vs. 62000 M−1cm-1) [85].
3.2 Ground state of CaChR1: Resonance Raman Spectroscopy
Resonance Raman spectroscopy (RRS) is performed to study the ground state
interactions of retinal chromophore, SB, nearby residues, and possibly ions (such
as Cl−) [78]. The similarity of the fingerprint regions of CaChR1 and BR and sen-
sory rhodopsin II from Natronobacterium pharonis (NpSRII) is discussed, leading
to a conclusion that they all have similar retinal structure—all-trans. pH titration,
deterium–hydrogen exchange, and site-directed mutagenesis were used to conclude
that Glu169 is protonated (neutral) while Asp299 is ionized and serves as the pri-
mary counterion for the SB, consistent with the conclusions from previous UV-Vis
and current measurements [86].
3.2.1 Methods and materials
Expression, Purification, and Reconstitution of ChRs
The 7TM domain of CaChR1 was expressed in Pichia pastoris, purified, and
reconstituted into ECPL as described in section 2.5.1. Similar procedure was used
to express, purify, and reconstitute CrChR2 except the cDNA of CrChR2 encoded
residues 1–309 with a C-terminal 6-His tag sequence that was cloned in the pPIC9K
vector (Invitrogen) within its EcoRI and NotI sites. Procedure for CrChR2 in de-
tergent was adopted from Li et al [86]. For liposome reconstitution, CrChR2 in 1%
decyl maltoside (DM) was mixed with DMPC (Avanti Polar Lipids) at a ratio of
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1:20 (w/w). BR in its native purple membrane was isolated from Halobacterium
salinarum using previously reported procedure [87].
Near-Infrared Resonance Raman Spectroscopy
Reconstituted ChR samples were used for confocal near-IR RRS. 20 to 50 µg
of reconstituted ChR solution was spun in a centrifuge (D2012 Micro-Centrifuge,
SCILOGEX) for 5 minutes at 15000 g, and the produced pellet was washed in the
same way twice using 50 mM K2HPO4, 10 mM NaCl buffer adjusted to various pH
using H3PO4 for acidic pH values and KOH for alkaline pH values. Final solution
was pelleted again then inserted into a 0.5 mm × 0.5 mm ID square borosilicate
glass capillary (Wale Apparatus) using a 10 µL syringe (Hamilton Company). One
end was sealed with heat prior to the insertion of protein. The capillary was spun
for 1 minute at 15000 g to increase the concentration of the protein at the sealed
end of the capillary. The other end was sealed with Critoseal (Leica Microsystems)
to prevent dehydration of the protein. The level of hydration was sufficient to keep
the membranes fully hydrated during the course of the measurement. The above
procedure was repeated for high-concentration anion solutions, except the wash buffer
was either 2 M NaCl or 1 M Na2SO4 without the K2HPO4, and the pH was adjusted
to pH 3 using HCl or H2SO4.
The RRS was conducted at room temperature on the Bruker Senterra confocal
Raman system as described in section 2.4.2 with 785 nm laser excitation. Averaging
time of 120 seconds was used, with 60 seconds of dark between each scan. This cycle
was repeated for 4–6 hours. CaChR1 that was heat-denatured at 75 ◦C for 30 minutes
was also studied to identify possible non-resonant protein or lipid contributions.
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UV-Vis Spectroscopy
Approximately 100 µg of reconstituted ChR solution was washed in 50 mM
K2HPO4, 10 mM NaCl buffer as described above and placed in a quartz cuvette
(Agilent Technologies). The sample’s UV-Vis spectrum was recorded using a UV-
Vis spectrometer equipped with a diffuse reflectance accessory (Cary 6000 & internal
DRA-900, Agilent Technologies). Averaging time of 0.5 s per step size of 1 nm was
used to acquire a spectrum from 200 to 800 nm, making the total data acquisition
time of 300 s.
Spectral Analysis
Spectra analysis for both UV-Vis and RRS spectra were performed using
GRAMS/AI version 7.02 (Thermo Fisher Scientific). The UV-Vis baseline was cor-
rected by fitting a quartic baseline. RRS spectra was baseline corrected by sub-
tracting the empty borosilicate capillary spectrum. For curve fitting of the ethylenic
peak, a curve-fitting procedure on GRAMS/AI was utilized, which incorporates χ2
minimization. The RRS spectra was fit from 1488 to 1578 cm-1 with 2 Voigtian peaks
and a linear baseline, which resulted in an R2 value of > 0.99.
3.2.2 Results
No Light-Dark Adaptation Change in CaChR1
Figure 3.2 shows the UV-Vis spectrum of CaChR1 recorded at room temper-
ature. The curve-fit shows major component near 524 nm, close to the previously
reported wavelength of the maximum photocurrent generation [86]. The spectrum
showed no significant change when the sample was light- or dark-adapted. BR is
known to exhibit dark-adapted state, but there is no sign of dark-adaptation in the
Raman spectrum shown in Figure 3.3, such as the 1536 cm-1ethylenic band [88]. The
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Fig. 3.2: UV-Vis spectrum of CaChR1 in H2O at pH 7. Data was recorded at room
temperature using Cary 6000 with internal diffuse reflectance accessory. The spectra
were baseline corrected using quartic curve. Peak fitting shows two peaks near 524
and 474 nm. (Figure & caption subject to change.)
resonance Raman spectrum of CaChR1 did not change significantly with the change
in power from 100 to 10 mW nor when illuminated with external 530 nm LED during
the measurement [78]. Unlike BR, it is not likely that CaChR1 exhibits a different
light- and dark-adapted states.
Similarity of the Resonance Raman Spectra of CaChR1, BR, and NpSRII
The resonance Raman spectrum of CaChR1 is similar to the spectrum of BR,
and even more similar to the spectrum of NpSRII, especially in the fingerprint region
(1150–1300 cm-1) (see Figure 3.3). This region is mainly from the chromophore C–
C stretching modes and is very sensitive to the structure of the retinal. Previous
studies on both BR and NpSRII concluded that retinal chromophore exists in an all-
trans protonated SB configuration in their ground state [89–92]. The BR fingerprint
bands have been assigned to the bands from an all-trans-retinal chromophore using
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Fig. 3.3: Resonance Raman spectra of BR, NpSRII, CaChR1 reconstituted into
ECPL, and CrChR2 reconstituted into DMPC recorded in H2O at pH 7. Data was
recorded at room temperature using 785 nm laser with a 100 mW power (40 mW at
sample). The spectra were scaled using the intensity of the ethylenic band at 1526
cm-1. (Figure & caption subject to change.)
model retinal compounds and isotope labeling [93]. Solid state NMR experiments
using 13C also confirmed the all-trans-retinal configuration in BR [94]. In NpSRII,
13-cis cannot be accommodated due to the steric hindrance, and both light-adapted
and dark-adapted states exhibit all-trans-retinal configuration [95].
Fingerprint bands, which come from various mixed C–C stretching modes of
the retinal, are especially sensitive to the isomeric state of the retinal [90,93,96]. The
similarity in the intensity of the bands in this region for CaChR1, BR, and NpSRII
suggests that these three rhodopsins share similar all-trans chromophore structure.
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For example, there are bands near 1272, 1256, 1207 (shoulder), 1201, 1184, 1172,
and 1163 cm-1 (see Figure 3.3, CaChR1). The 1172 cm-1 band in CaChR1 exist
as 1170 cm-1 band in NpSRII, but it does not appear clearly in BR. This is most
likely caused by the upshift of the 1163 cm-1 (CaChR1) band to 1168 cm-1 (BR).
The 1168 cm-1 band in BR is mainly due to the C10–C11 stretching mode
[93], which
indicates some structural differences in this region of the chromophore compared to
that of CaChR1 and NpSRII. Other microbial rhodopsins, like AR3 [71] and green-
and blue-absorbing proteorhodopsins (GPR and BPR) [97], also exhibit similar fin-
gerprint region of resonance Raman spectra, reflecting the common all-trans-retinal
chromophore structure.
Some resonance bands in other regions are similar as well, supporting the con-
clusion of similar all-trans-retinal structure. For example, the 1006 cm-1 band in BR
spectrum is assigned to in-plane methyl rocking vibrations of the two methyl groups
at positions C9 and C13 [93], and similar bands are present in the spectra of CaChR1
and NpSRII. Also, the hydrogen-out-of-plane (HOOP) bands in BR, NpSRII, and
CaChR1 overlap closely (961, 901, and 881 cm-1in CaChR1).
In contract, the spectrum of CrChR2 differs significantly from that of BR and
CaChR2 (see Figure 3.3), reflecting its heterogeneity of the retinal chromophore
structure. CrChR2 is known to have mixture of all-trans, 13-cis, and possibly 9-
cis isomers in both the light- and dark-adapted states [64,65]. The magnitude of the
1185 cm-1 band, which is highly characteristic of the 13-cis isomer, increases relative
to that of the 1200 cm-1 band, which is highly characteristic of the all-trans isomer.
This phenomenon can be seen in BR for both resonance Raman spectra and FTIR
difference spectra of states with 13-cis-retinal component [98–100]. For example, bands
at 1186 and 1198 cm-1are almost equal in magnitude in the spectrum of the N state of
BR [100]. Similar fingerprint bands are also found for BR548, the 13-cis-retinal compo-
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Fig. 3.4: Inverse linear correlation between ethylenic frequency and visible absorption
wavelength for various microbial rhodopsins. LA, light-adapted; DA, dark-adapted.
nent of dark-adapted BR [88]. The 1185 cm-1 band is assigned mainly to the C10–C11
stretching mode of the chromophore from normal mode calculations [88]. In contrast,
microbial rhodopsins with all-trans-retinal, like light-adapted BR and NpSRII, show
a significantly smaller 1185 cm-1band compared to the 1200 cm-1band.
In addition, the bands in the HOOP mode region are also different for CrChR2
compared to BR, NpSRII, and CaChR1. Overall, this comparison indicates that the
chromophore of CrChR2 is in a very different structure compared to BR, NpSRII,
and CaChR1. Specifically, CrChR2 has a significantly higher population of 13-cis
isomer in its ground state than CaChR1 does.
Assignment of the CaChR1 Ethylenic C=C Stretching Vibration
The peaks in the ethylenic region of the resonance Raman spectra are different
for all four proteins shown in Figure 3.3—BR at 1526 cm-1, NpSRII at 1547 cm-1,
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CaChR1 at 1532 cm-1, and CrChR2 at 1553 cm-1. These values agree well with the
well-known inverse relationship between λmax and νC=C found for many microbial
rhodopsins, including dark-adapted form and M intermediate of BR (see Figure 3.4).
In addition to the main peak at 1532 cm-1, there is a shoulder near 1545 cm-1
(Figure 3.3), which is resolved at 1549 cm-1 by curve fitting (analysis not shown). This
creates a possibility of existence of a second form of CaChR1, especially on the basis
of empirical correlation between ethylenic frequency and visible absorption maximum
that would predict a λmax near 480 nm. In fact, the peak fitting of the CaChR1 UV-
Vis spectrum shown in Figure 3.2 revealed a peak near 474 nm. However, this is
insufficient to establish the existence of a second form of CaChR1, because vibronic
coupling can cause multiple visible absorption bands of retinylidene proteins. For
example, NpSRII, the main visible absorption peak is near 500 nm, but there are two
other bands at 460 nm and 420 nm, which are attributed to vibronic coupling [101,102].
The 460 nm band is separated from the major band at 500 nm by 1760 cm-1, which
is similar to the separation of the CaChR1 visible absorption bands (1781 cm-1).
This issue is more confusing, because a second ethylenic band in the resonance
Raman spectrum of CrChR2 is assigned to the presence of a second species that have
predominantly 13-cis-retinal. This led to an initial confusion between pure all-trans
and mixed retinal content of CaChR1 [85]. However, the two bands in the ethylenic
region of CaChR1 are most likely two stretching modes from a single species of the
chromophore, like the ones observed for the resonance Raman spectrum of the BR
L state [103,104]. The existence of multiple ethylenic modes is common for vibrational
spectra of retinylidene proteins, although a single peak sometimes dominates over
others. For this reason, ethylenic is not a good indicator for the retinal conformation
state.
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Another possibility is that the 1549 cm-1 band is due to a non-resonant Raman
contribution from the protein, such as the amide II vibration mode, which typically
shows up in the same region of vibrational spectra. However, this mode is relatively
weak compared to amide I and III modes in the resonance Raman spectra of retinyli-
dene proteins like bovine opsin [105], and there is no evidence of an amide I peak in
CaChR1, except a small 1652 cm-1peak in the heat treated denatured CaChR1 where
all resonant peaks disappear. Thus, we conclude that the 1549 cm-1 shoulder peak
is most likely due to a vibronic coupled ethylenic band of pure all-trans retinal.
Assignment of the CaChR1 SB C=N Stretching Vibration and Strength
of Hydrogen Bonding
The SB C=N stretching frequency (νC=N) depends on the strength of the C=N
bond in addition to the coupling to other normal modes of the retinal chromophore.
The SB bond strength is directly influenced by SB interaction with hydrogen-bonded
water molecules or counterions [27], such as Asp85 and Asp212 in BR. The 1639 cm-1
in the resonance Raman spectrum of BR (Figure 3.3) has been previously assigned to
the SB C=N stretching mode [106]. In the spectra of CaChR1 and CrChR2, there are
bands at higher frequencies in this region at 1646 cm-1 and 1649 cm-1, respectively.
To assign these bands to the SB C=N stretching mode, hydrogen–deuterium
exchange was performed, which is expected to cause a downshift of this band [91]. In
addition, the magnitude of the downshift is positively correlated with the strength
of the hydrogen bonding of the proton [106,107]. As shown in Figure 3.5, the 1646 cm-1
in the spectrum of CaChR1 downshifts to 1620 cm-1, assigning this band to the SB
C=N vibration. The downshift of this νC=N in CaChR1 is 26 cm
-1, compared to
17 cm-1 in BR. For CrChR2, this downshift is 28 cm-1 [65]. We can conclude that
CaChR1 has stronger SB hydrogen bonds than BR, and similar to CrChR2. Other
53
Fig. 3.5: Comparison of resonance Raman spectra of BR and CaChR1 recorded in
H2O and D2O.
microbial rhodopsins with comparable hydrogen bonding strength include NpSRII
(23 cm-1) [108], GPR (23 cm-1) and BPR (21 cm-1) [97].
Effects of pH and Anion on the Resonance Raman Spectrum of CaChR1
The resonance Raman spectrum of CaChR1 stays unchanged in a pH range
from 2 to 9 (Figure 3.6), even the complex C–C signatures in the fingerprint region.
In contrast, the counterion Asp85 in BR protonates below pH 3, causing a significant
red shift of the λmax from 570 to around 600 nm and a downshift of νC=Cfrom 1527
to 1518 cm-1 [109]. This difference can be expected if Glu169 (homolog to BR Asp85)
in CaChR1 is already protonated below pH 9, which is predicted from a visible
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Fig. 3.6: Comparison of resonance Raman spectra of CaChR1 recorded at various
pH values ranging from 2 to 9.
absorption pH titration [86]. However, we would expect that CaChR1 Asp299 would
get protonated at even lower pH value (< 2) and cause a significant red shift.
There is a possibility that at low pH, an anion serves to stabilize the protonated
SB (PSB). So the resonance Raman spectra was measured with 2 M NaCl or 1 M of
Na2SO4buffers at pH 3. Note that SO
2−
3 is physically too large to fit into the center
pocket near the SB. As shown in Figure 3.7, both of these changes have very little
effect on the resonance Raman spectrum, including the fingerprint and the ethylenic
region. Therefore, we can conclude that there is no anion that interacts closely with
the SB proton at this pH. Note that at 2 M NaCl concentration, some contribution
from the opsin is seen, such as the 1652, 1450, and 1003 cm-1bands that are assigned
to amide I, methyl, and phenylalanine vibrations, respectively [105]. In the case of
Na2SO4, opsin contributions were partially removed by subtracting the spectrum of
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Fig. 3.7: Comparison of resonance Raman spectra of CaChR1 recorded in highly
concentrated pure NaCl or Na2SO4 buffers at pH 3. Top spectrum is the pH 3.6
spectrum shown in Figure 3.6.
bleached CaChR1 (from long illumination). Note that the 961 cm-1is assigned to a
sulfate vibration.
Effects of Substitution of Glu169 and Asp299
Mutations of residues Glu169 and Asp299, homologous to the BR counterions,
are studied. Conservative substitution of Glu169 with a neutral residue (Gln) is
expected to cause a significant red shift of λmax and upshift of νC=C, based on the
effect seen in BR and other microbial rhodopsins. For example, λmax of BR red
shifts 30 nm in the mutant D85N, while νC=C downshifts 7 cm
-1 [110], similar to the
shift seen in acidified BR [109]. In addition, the ethylenic peak becomes broader in
D85N, increasing the full-width at half-maximum from 19 to 31 cm-1, reflective of
the increase in 13-cis-retinal content [110]. Similar results can be seen in a low pH
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Fig. 3.8: Comparison of resonance Raman spectra of CaChR1 and mutants E169Q
and D299N.
or a deionized environment caused by the neutralization of Asp85 [109]. The low pH
induced red shift is referred to as ”acid blue”. In both cases, the protonation of
Asp85 was accompanied by an increase of 13-cis-retinal content.
For CaChR1, the νC=Cupshifts approximately 2 cm
-1in the E169Q mutant, and
the full-width half-maximum stays unchanged3.8. This corresponds to a λmax blue
shift of 5 ∼ 10 nm, confirmed by UV-Vis measurements [86]. This is in contrast to
BR, which shows significantly greater νC=C upshift and λmax blue shift.
Additionally, the fingerprint region stays relatively unchanged in E169Q com-
pared to WT with only a minor increase in the 1184 cm-1 band, indicating that the
mutant still contains mostly all-trans-retinal. In contrast, more significant increase
in 1184 cm-1 band is observed in BR when Asp85 becomes neutral [109,110]. Also, the
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SB C=N stretch frequency upshifts slightly, 6 cm-1, despite a downshift for BR, 6
cm-1 in D85N and 10 cm-1 in acid blue or deionized BR [110].
Interestingly, the Asp299 mutant produces almost the same resonance Raman
spectrum as the E169Q mutant. For instance, νC=C upshift 3 cm
-1, slightly more
than E169Q, which is consistent with the slightly more blue shift observed in UV-
Vis experiment [86].
3.2.3 Conclusions
In this study, we used near-IR confocal pre-resonance Raman spectroscopy to
study the retinal chromophore and the SB interactions in ChR1 from Chlamydomonas
augustae (CaChR1). With these new measurements, in addition to the previous
UV-Vis and electrophysiology studies, we make several conclusions about the ground
state retinal structure and interaction between SB and nearby residues, Asp169 and
D299.
CaChR1 has a pure all-trans-retinal composition.
This conclusion is primarily from comparison of the fingerprint region of differ-
ent microbial rhodopsins (Figure 3.3). There are small differences, such as the 1168
cm-1 assigned to C10–C11 bond in BR, but some small differences are expected as
the environment surround the retinal chromophore is most likely different in differ-
ent microbial rhodopsins. However, there is a major difference in this region for a
microbial rhodopsin with a different retinal content, such as CrChR2.
The fingerprint region of CaChR1 is strikingly similar to the fingerprint region
of NpSRII. It has shown through a combined quantum chemical and normal mode
calculations that NpSRII contains all-trans 15-anti PSB structure similar to BR.
For the spectra of NpSRII and BR, the differences in the fingerprint bands were
attributed to a stronger SB hydrogen bonding strength in NpSRII compared to BR,
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which also explains the upshifted ethylenic (and blue shifted λmax) in NpSRII
[92].
We may conclude that CaChR1 most likely exhibit the similar spectral differences
compared to BR also due to the differences in the SB region and its interaction with
the nearby residues.
In addition, both CaChR1 and NpSRII do not exhibit a dark-adaptation, which
indicates that the retinal binding pocket does not easily accommodate a 13-cis-
retinal, which was suggested for NpSRII from the measurement of 13-cis-retinal
regeneration rate [95]. Also, the similarity of the HOOP modes (Figure 3.3) confirm
the similarity of retinal structure of CaChR1 to BR and NpSRII.
The CaChR1 SB has a stronger hydrogen bonding than BR SB.
The H–D exchange induced downshift of νC=N is greater in CaChR1 than in BR.
A similar result for CrChR2 has previously led to the conclusion that the CrChR2
SB has a stronger hydrogen bonding than BR SB [65]. A possible mechanism of this
stronger hydrogen bonding may be the movement of the water molecule W402 in BR
away from the SB (4.4 A˚ compared to 2.8A˚ in BR) [63] (Figure 3.9). From this farther
position, it may electrically shield the PSB less from its counterions.
Glu169 exists in a neutral form in the ground state of CaChR1 at neutral
pH.
As mentioned above, a neutralization of Asp85 in BR causes a major downshift
in νC=C and a red shift in λmax, which would be expected in CaChR1 if Glu169
functioned as the primary SB counterion and carried a negative charge at a neutral
pH [27,28]. However, this is not observed in the RRS spectrum of the mutant E169Q.
If the pKa of Glu169 is very high (above 9), neutral substitution of this residue
or pH titration below this pKa would not cause a significant shift in νC=C or λmax. In
fact, the pKa of Glu169 was determined to be near 9 in detergent micelles by visible
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Fig. 3.9: Three-dimensional structure of the C1C2 chimera (accession number 3UG9)
showing the retinal, its SB, and the nearby residues (Glu162 and Asp292) and a water
molecule. The shown residues are homologous to CaChR1 Glu169 and Asp299.
absorption pH titration [86]. CaChR1 reconstituted in ECPL may have a higher pKa
than 9 caused by a difference in the surface charge near CaChR1, as is the case in
BR for the pKa of the purple-to-blue transition
[111].
Asp299 serves as the predominant SB counterion in CaChR1 over a wide
pH range.
CaChR1 SB has a stronger hydrogen bonding strength than BR, but Glu169,
which is homologous to BR primary counterion Asp85, remains neutral and most
likely does not interact strongly with the SB. This suggests that there is another
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counterion (or a counterion complex) that interacts strongly with the SB. A nearby
Asp299, homologous to the negatively charged BR Asp212, is a possible candidate.
On the basis of site-directed mutagenesis and pH titration UV-Vis measure-
ments, the pKa for Asp299 was determined to be near 5
[86]. This suggests that below
pH 5, both Glu169 and Asp299 would be neutral, causing a major downshift of νC=C
and a red shift of λmax. However, our results do not show a large shift over the pH
range from 2 to 9, in agreement with the reported red shift for CaChR1 in detergent
micelles [86]. In addition, νC=N stays mainly unchanged over this range as well, which
would be expected to shift with neutralization of SB counterions.
A likely possibility is the presence of an anion in the active site of the protein
acts as the counterion to the positively charged PSB. Previous FTIR difference study
on BR showed that Cl− is present in the active region near the SB at pH near 0,
where both counterions are neutral [112]. Resonance Raman spectra in this low pH
condition showed the presence of all-trans-retinal similar to light-adapted BR at
neutral pH [109]. However, RRS spectrum of CaChR1 showed no change in 2 M NaCl
or 1 M Na2SO4at pH 3, indicating an anion does not play the role of a counterion
at pH value of 3 or higher. In addition, visible absorption spectra did not show
any difference between E169Q and D299N mutants for 100 mM NaCl and Na2SO4
solutions [86].
A second possibility is other negatively charged residues near the PSB play the
role of a counterion(s). One example is the Glu136 on helix B, which is approximately
6 A˚ away from the PSB in the C1C2 structure and may be pulled closer towards the
PSB when both Glu169 and Asp299 are expected to be neutral. Other residues are
located more than 9 A˚ away from the PSB, which is too far to be a possible candidate
for a SB counterion.
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Another possibility is that the SB-Glu169-Asp299 form a more complex to main-
tain the charge neutrality in the active site of the protein. In this proposal, upon the
protonation of Asp299, Glu169 deprotonates and becomes the predominant counte-
rion for the PSB. This mechanism was proposed for the case of D299N substitution to
explain the Glu169’s ability to act as the SB proton acceptor at neutral pH [86]. This
direct interaction may be possible due to the farther placed water molecule compared
to BR. In BR, W402 mediates the electrostatic interaction of the SB with Asp85 and
Asp212. In support of this proposal, a recent low-temperature FTIR study on C1C2
showed that Glu162, homologous to CaChR1 Glu169, interacts directly with the
PSB [113].
3.3 Primary Phototransition: FTIR Difference Spectroscopy at 80 K
The finding that CaChR1 has a pure all-trans-retinal from the RRS study min-
imizes the possibility of parallel photocycles, which makes CaChR1 a good example
for further spectroscopic studies. In the next set of experiments, low-temperature
Fourier transform infrared (FTIR) difference spectroscopy is performed to study the
conformational changes occurring during the primary phototransition of CaChR1 [79].
Non-native retinal substitutions, site-directed mutagenesis, H2O–D2O exchange, and
H2O–H2
18O exchange were used to assign vibrational bands to the retinal chro-
mophore, protein, and internal water molecules. This allowed us to make conclusions
about the primary phototransition such as all-trans to 13-cis isomerization of the reti-
nal and proton transfer between Glu169 and Asp299. Also, structural changes of the
protein and changes in hydrogen bonding of internal water molecules are detected.
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3.3.1 Methods and materials
Expression, Purification, and Reconstitution of ChRs
The 7TM domain of CaChR1 or its mutants was expressed in Pichia pastoris,
purified, and reconstituted into ECPL as described in section 2.5.1. Similar procedure
was used to express, purify, and reconstitute CrChR2 except the cDNA of CrChR2
encoded residues 1-309 with a C-terminal 6-His tag sequence that was cloned in the
pPIC9K vector (Invitrogen) within its EcoRI and NotI sites. Procedure for CrChR2
in detergent was adopted from Li et al [86]. For liposome reconstitution, CrChR2 in
1% decyl maltoside (DM) was mixed with DMPC (Avanti Polar Lipids) at a ratio of
1:20 (w/w). CrChR2 was also reconstituted into ECPL using procedure similar to
the one described for CaChR1. BR in its native purple membrane was isolated from
Halobacterium salinarum using previously reported procedure [87].
Regeneration of CaChR1 and BR with Isotope-Labeled All-trans-Retinal
and A2 Retinal
The two isotope-labeled retinals used in this study, all-trans-[15-13C,15-
2H]retinal and all-trans-[14-2H,15-2H]retinal, were synthesized as previously de-
scribed [114]. A2 retinal (3,4-dehydroretinal) was purchased from Toronto Research
Chemicals (CAS Registry No. 472-87-7). CaChR1 was bleached and regenerated
with isotope-labeled retinal or A2 analogue using the procedure described in section
2.5. Briefly, CaChR1 reconstituted in ECPL was suspended in a hydroxylamine
buffer and exposed to 530 nm LED illumination (5 mW/cm2) for 40 minutes. The
bleached CaChR1 was dialyzed against a NaCl/K2HPO4 buffer and a 2-fold stoi-
chiometric excess of isotope-labeled retinal or A2 analogue was added. A similar
procedure was used for the bleaching and regeneration of BR except 100 mM hy-
droxylamine was used and it was illuminated for 24 hours.
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Low-Temperature FTIR-Difference Spectroscopy
A droplet containing approximately 50 µg of protein was dried on a BaF2 win-
dow (Crystran Ltd) in a dry box. Samples were hydrated through the vapor phase
with approximately 0.5 µL of H2O, H2
18O, or D2O, then sealed with an o-ring and
another BaF2 window using Parafilm and Teflon tape. The cell was mounted in a
liquid nitrogen cooled cryostat (OptistatDN, Oxford Instruments) and cooled in the
dark to 80 K. For experiments with BR, the cell was light adapted immediately be-
fore cooling from room temperature. The film was equilibrated for at least an hour
before any measurement was made.
Measurements were performed as described in 2.3.2. For CaChR1, the spectra
were recorded using the following cycle: (1) dark, (2) under 505 nm LED illumination,
(3) dark, (4) under 590 nm LED illumination. Each spectrum was the average of 200
scans recorded at 4 cm-1 resolution, spanning approximately 1 minute. The cycle was
repeated at least 50 times. For BR, 530 and 625 nm LEDs were used. For CrChR2,
455 and 530 nm LEDs were used. Difference spectra are produced as described in
2.3.2.
3.3.2 Results
Primary Phototransition of CaChR1 Involves all-trans to 13-cis Chro-
mophore Isomerization
P1 state of CaChR1 is the red shifted photointermediate formed immediately
after the absorption of light, homologous to the K-state of BR. The FTIR difference
spectrum of CaChR1 → P1 is very similar to the FTIR difference spectrum of BR
→ K as shown in 3.10. Similar to the RRS spectra, the fingerprint region (1100–1250
cm-1) is very sensitive to the conformational state of the retinal chromophore. The
negative bands in this region correspond well with the bands from RRS spectrum for
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Fig. 3.10: Comparison of the FTIR difference spectra of CaChR1, BR, and CrChR2
recorded at 80 K over the range 800–1800 cm-1. Y axis markers indicate 2.5 mOD
for CaChR1, 5 mOD for BR, and 0.6 mOD for CrChR2.
both CaChR1 and BR (3.3), namely bands near 1201, 1172, and 1163 cm-1 that are
highly characteristic of all-trans-retinal.
The prominent positive peak is near 1196 cm-1 for CaChR1 and near 1194
cm-1 for BR, which is assigned to the mixed stretching mode of the 13-cis-retinal in
BR [93]. In addition, many other microbial rhodopsins with pure all-trans-retinal in
their ground state have similar bands in their vibrational spectra, including AR3 [70],
GPR, BPR [115,116], NpSRII [117], and HsHR [118].
Note that some minor differences in the frequency of the bands are most likely
due to the overlap of positive and negative peaks, which gives the appearance of being
farther apart. This similarity in the fingerprint region of the FTIR difference spectra
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confirms that CaChR1 and BR go through a similar chromophore structure changes,
which has been established for BR as a pure all-trans to 13-cis conformation change
from RRS studies of isotope labeled retinals [88,93]. In contrast, CrChR2 shows a very
different spectral features in this region (Figure 3.10), confirming a different retinal
conformational change compared to CaChR1 and BR.
Assignment of the ethylenic C=C Stretch and Amide II Bands
In the ethylenic region (1500–1600 cm-1) of the FTIR difference spectrum, BR
has a clear negative/positive peak at (−)1529 and (+)1514 cm-1 (Figure 3.10). Sim-
ilarly, CaChR1 has a downshifted positive band near 1521 cm-1. However, two neg-
ative bands appear in this region near 1553 and 1535 cm-1 (Figures 3.10 and 3.11).
The 1535 cm-1 corresponds well with the ethylenic mode identified with RRS (1532
cm-1, Figure 3.3) [78]. One possibility for 1553 cm-1 is the presence of a second blue
shifted species or an additional ethylenic vibration mode as discussed in Section 3.2.
Another possibility is the structural change of the protein backbone. In fact, the
amide II band that consists of coupled C–N stretch and NH bending motion of the
peptide group falls in this region [119].
In order to test these possibilities, the retinal substitutions were studied in this
region. As shown in Figure 3.11, the peaks at (−)1535 and (+)1521 cm-1 shift for the
samples with retinal substitutions, but the (−)1553 cm-1 peak remains unchanged.
The ethylenic normal modes consist of a mixture of C=C stretching vibrations in-
volving many double bonds along the retinal molecule, including the C13=C14 bond
in all-trans and 13-cis PSB retinals [91,120]. We conclude that 1553 cm-1 peak is not
due to the ethylenic mode of the chromophore. In support of the peak belong to
a amide II band, the 1553 cm-1 band seems to disappear in the spectrum recorded
in D2O(Figure 3.11, Spectrum F). Most likely, the H–D exchange causes the NH
bending groups to downshift to the 1430–1460 cm-1 region as observed in BR [121]. In
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Fig. 3.11: Comparison of the FTIR difference spectra over the 1500–1600 cm-1
region recorded at 80 K for CaChR1 (A) WT, (B) regenerated with A1 retinal,
(C) regenerated with A2 retinal, (D) regenerated with [15-13C,15-2H]retinal, (E)
regenerated with [14-2H,15-2H]retinal, and (F) WT in D2O. Y axis markers indicate
approximately 1.75 mOD for all spectra.
agreement with this explanation, a decrease in the positive intensity near 1440 cm-1
is observed for the D2O spectrum (data not shown). Note that not all NH groups
undergo H–D exchange, as some groups are not accessible by bulk water or have very
strong hydrogen bonding [121].
Now all three peaks can be assigned: (−)1535 cm-1 is assigned to νC=C of the
CaChR1 ground state, (+)1521 cm-1 is assigned to the νC=C of the , and (−)1553 is
assigned to the amide II mode of the CaChR1 ground state. The downshift of νC=C
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Fig. 3.12: Comparison of the FTIR difference spectra over the 1600–1700 cm-1
region recorded at 80 K for CaChR1 (A) WT, (B) regenerated with A1 retinal,
(C) regenerated with A2 retinal, (D) regenerated with [15-13C,15-2H]retinal, (E)
regenerated with [14-2H,15-2H]retinal, and (F) WT in D2O. Y axis markers indicate
approximately 1.5 mOD for all spectra.
is in agreement with the expected red shift in the P1 state, which is indicative of
all-trans to 13-cis conformational change of a retinal with PSB.
Assignment of the SB C=N stretch and Amide I Bands
An earlier FTIR-difference study of BR using similar techniques assigned νC=N
to a positive peak near 1609 cm-1, a downshift of approximately 30 cm-1from the
ground state [122]. This downshift of the BR νC=N can be observed in Figure 3.10.
Near the νC=N assigned to the ground state of CaChR1 from RRS study (1646 cm
-1,
Figure 3.3), a negative peak is observed around 1651 cm-1, which is most likely the
ground state νC=N. A similar assignment can be made for P1, but this region of
the CaChR1 spectrum has two positive peaks. Isotope-labeled retinal substitutions
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and H2O-D2O exchange are used again to assign the νC=N band. A2 retinal has an
extra double bond in the β-ionone ring, which is very far from the SB, thus it is not
expected to affect νC=N significantly. However, the all-trans-[15-
13C,15-2H]retinal and
all-trans-[14-2H,15-2H]retinal have isotopes very close to the SB and are expected to
cause the νC=N to downshift. Finally, the H–D exchange is also expected to downshift
the νC=N, as it is very close to the SB. These behaviors are observed for the (−)1651
and (+)1635 cm-1 bands (Figure 3.12), and they are assigned to the νC=N of CaChR1
and P1, respectively.
The 1600–1700 cm-1 region is also expected to show amide I bands, which mainly
consist of the C=O stretch of peptide backbone. There are several bands in this region
that are insensitive to the changes in the chromophore and may be due to the amide
I mode. It includes the negative bands at 1661 and 1686 cm-1 and the positive bands
at 1667 cm-1. However, these bands are all relatively small compared to the negative
1667 cm-1 (Figure 3.10).
Detection of Weakly Hydrogen Bonded Internal Water Molecule
The OH stretching mode of weakly hydrogen bonded water molecules is typically
found in 3550–3700 cm-1 region [123]. In the BR → K FTIR difference spectrum, a
negative/positive bands appear at 3642/3636 cm-1 and a second positive band at 3625
cm-1, which all downshift 10–13 cm-1 under H2O–H2
18O substitution [124]. Similar
patterns are observed in the FTIR difference spectra for GPR and BPR [116].
In CaChR1, a positive/negative bands appear at 3632/3626 cm-1 and an addi-
tional positive band at 3595 cm-1 (Figure 3.13), which can all be assigned to weakly
hydrogen bonded internal water molecules from its shift with H2
18O substitution.
This is contrast to BR spectrum, where (−)3636 cm-1 upshifts to (+)3642 cm-1 in
the BR → K transition. None of these CaChR1 water bands are affected by the
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Fig. 3.13: Comparison of the FTIR difference spectra over the 3550–3700 cm-1 region
for CaChR1 and CrChR2 in H2O and H2
18O recorded at 80 K. Y axis markers
indicate approximately 0.1 mOD for CaChR1 spectra and approximately 0.05 mOD
for CrChR2 spectra.
retinal substitutions [79], but are shifted to (+)2682/(−)2677 by H2O-D2O exchange
(Spectrum F, Figure 3.14).
A similar set of bands appear in the spectrum of CrChR2 (3.13) with slightly
different frequencies. Also, the bands are much broader than the bands in CaChR1
spectrum, which indicate a more heterogeneous environment due to its mixed retinal
conformation. For both CaChR1 and CrChR2, at least one weakly hydrogen bonded
water exhibits a decrease in the hydrogen bonding strength during the primary pho-
totransition, in contrast to an increased hydrogen bonding strength of W401 in the
primary phototransition of BR [125–127]. In addition, unlike BR, these water bands for
CaChR1 is not significantly affected by the substitutions in the putative counteri-
ons [79].
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Fig. 3.14: Comparison of the FTIR difference spectra over the 2500–2700 cm-1
region recorded at 80 K for CaChR1 (A) WT, (B) regenerated with A1 retinal,
(C) regenerated with A2 retinal, (D) regenerated with [15-13C,15-2H]retinal, (E)
regenerated with [14-2H,15-2H]retinal, and (F) WT in D2O. Y axis markers indicate
approximately 0.25 mOD for all spectra.
Detection of Cysteine Vibrations
The S–H stretching mode of cysteine residues typically appear in the 2500 to
2600 cm-1 region [128–133], although it is not detected in BR or NpSRII due to the lack
of cysteines in their primary sequences. In the spectrum of CaChR1, two positive
bands appear near 2563 and 2543 cm-1, which are unaffected by retinal substitutions
(Figure 3.14). However, the 2563 cm-1 band disappears under H–D exchange and
confirms its assignment to S–H stretching. In the same D2O spectrum, there is still
a small positive band at 2543 cm-1, which may indicate that the band is due to a
different group, an inaccessible S–H bond, or from the O–D stretch of internal D2O
molecules.
Effects of Substitution of Glu169 and Asp299
In this study, the mutant D299E mutant was used in addition to the E169Q
and D299N that were studied in the RRS experiments. As Figure 3.15 show, the
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Fig. 3.15: Comparison of the FTIR difference spectra over the 800–1800 cm-1 region
for CaChR1 and its mutants (E169Q, D299N, and D299E) recorded at 80 K. Y axis
markers indicate approximately 3 mOD for WT, 2 mOD for D299E, 2.5 mOD for
D299N, and 1 mOD for E169Q.
spectra of all three mutants are similar compared to WT, with the fingerprint region
still indicating an all-trans to 13-cis retinal conformation change. A minor upshift
of the ethylenic bands (both the positive and negative) are observed, consistent with
the RRS results (section 3.2.2). This is in contrast to BR, where the neutralization
of the primary counterion in D85N causes a major downshift of the ethylenic [110,134].
Largest ethylenic shift is seen in the D299E mutant in agreement of visible absorption
measurements (data not shown). Also, a small negative band near 1182 cm-1 appear,
which may indicate an increase in the 13-cis-retinal content. In addition, the water
bands (see Figure 3.13) do not change for the neutral mutants and slightly upshift
by 2 cm-1 in D299E, suggesting that the internal water molecules does not interact
closely with Glu169 or Asp299 [79].
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Fig. 3.16: Comparison of the FTIR difference spectra over the 1680–1800 cm-1 region
for CaChR1 and its mutants (E169Q, D299N, and D299E) recorded at 80 K. Y axis
markers indicate approximately 1.5 mOD for WT, 1 mOD for D299E, 0.2 mOD for
D299N, and 0.4 mOD for E169Q.
Most interesting changes in the FTIR difference spectra of the CaChR1 mutants
is in the 1680-1800 cm-1 region, where bands from the C=O stretch mode of the
carboxyl or carboxamide groups appear [116,135]. Unlike the E169Q and D299N, which
are expected to eliminate bands associated with Glu169 and Asp299, the D299E
mutant is expected to shift the band associated with Asp299 due to longer carbon
chain of Glu compared to Asp [136]. As shown in Figure 3.16, there are many peaks
in this region.
One of particular interest is the positive 1703 cm-1 band that shifts to 1696 cm-1
in D299E mutant, assigning the band to Asp299 (and 1696 cm-1 to Glu299). Other
bands do not undergo any shift and cannot be assigned to Asp299, indicating that
Asp299 started unprotonated but is protonated in P1. This is consistent with the
Raman study that Asp299 is unprotonated in the ground state. Similar patterns are
observed in D2O, but with all the relevant frequencies downshifted
[79].
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Interestingly, the E169Q and D299N have nearly identical difference spectra in
this region, similar to the results from the Raman study in section 3.2. The (+)1703
cm-1 band disappears, and the (+)1716/(−)1710 cm-1 bands are replaced with a
broader (+)1718/(−)1710 bands. However, the intensity of the (−)1710 band is not
increased as it does for D299E mutant. The broadening and the lack of increase in
intensity may be explained by a disappearance of a negative band above 1710 cm-1.
Difference of difference spectra show a peak near 1720 cm-1 [79]. The fact that the
(−)1720 band disappears in both E169Q and D299N indicate that the band could
be due to a carboxyl group involving both of the residues. It cannot be assigned to
Asp299, as it is unprotonated in the ground state. A possibility is that the (−)1720
cm-1 band belongs to Glu169, indicating a deprotonation. As described below, a
consistent theory is proposed involving a proton transfer from Glu169 to Asp299 in
the primary phototransition of CaChR1.
3.3.3 Conclusions
In this study, we used low-temperature FTIR difference spectroscopy to study
the changes in the retinal chromophore, protein backbone, and residues near the
active site of the protein during the primary phototransition of CaChR1. These
new measurements are consistent with the previous Raman study, and also allowed
several new conclusions about the changes in retinal structure, protein backbone,
internal water molecule, and protonation states of Glu169 and Asp299 during the
CaChR1 → P1 transition.
The Retinal Chromophore Undergoes all-trans to 13-cis Isomerization
The FTIR difference spectrum of CaChR1 recorded at 80 K is very similar
to that of BR (Figure 3.10), especially in the fingerprint region that is sensitive
to chromophore isomeric state. In addition, the spectrum of CrChR2 has a very
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different fingerprint region compared to BR and CaChR1, as it contains mixed retinal
conformation that may go into parallel photocycles. Thus, we conclude CaChR1
undergoes a pure all-trans-retinal to 13-cis-retinal isomerization.
Structural Changes of the Protein Backbone are Different in CaChR1,
CrChR2, and BR
In the difference spectrum of CaChR1, changes in the protein backbone are
detected—amide I mode near 1553 cm-1 and amide II modes in 1600-1700 cm-1 range.
This is in contrast to BR, which do not show protein bands in these region during
the BR → K transition. However, CrChR2 exhibit protein band changes during
its primary phototransition, although different from those of CaChR1 (Figure 3.10).
Despite the large negative 1667 cm-1 band, there are several more bands present in
CaChR1 that are missing in CrChR2. Overall, CaChR1 undergoes more protein
backbone changes than BR in its primary phototransition as well as CrChR2.
Changes in weakly Hydrogen Bonded Internal Water Molecules are Dif-
ferent in CaChR1, CrChR2, and BR
Bands due to changes in the weakly hydrogen bonded internal water molecules
in the FTIR difference spectra have previously been identified in BR [124], AR3 [70],
C1C2 [113], and other microbial rhodopsins. In this study, we report for the first
time the detection of changes in weakly hydrogen bonded internal water molecules
in CaChR1 and CrChR2 during the primary phototransition. As discussed above,
the water bands for BR, CaChR1, and CrChR2 are different. The bands undergo
an upshift in CaChR1 and CrChR2, in contrast to a downshift in BR. However,
the bands in CrChR2 are significantly broader than in CaChR1, consistent with
its heterogeneous retinal conformation. In addition, the water molecule does not
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seem to interact strongly with SB, Glu169, or Asp299, suggested by the bands being
unaffected by retinal substitutions or mutations [79].
Proton Transfer from Glu169 to Asp299 During the Primary Phototran-
sition
In BR, Asp85 and Asp212, along with the internal water molecules and Arg82,
form a counterion group [22]. None of the bands in the 1700-1800 cm-1 region are as-
signed to Asp85 or Asp212, establishing that these two aspartic acids stay negative
during its BR→ K transition [22,78,122]. Note that there exists a corresponding Arg166
residue in CaChR1, but its positive charge is unnecessary as one of the homologous
counterion residues (Glu169) is neutral in CaChR1. The neutral state of Arg166 in
the ground state is supported by the absence of significant shift of λmax with the
substitution R166A [86]. In addition to the different protonation state in CaChR1,
significantly more protein structural changes are observed compared to BR as dis-
cussed above, so it’s reasonable to expect the possibility of proton transfer in the
primary phototransition of CaChR1.
The deprotonation of Glu169 would produce a single negative band in the 1700-
1800 cm-1 region, as the C=O bond of the resultant COO− group is outside of this
region. In addition, the protonation of Asp299 would produce a single positive band
in the same region. Alternatively, a change in hydrogen bonding of the protonated
Glu169 would produce a positive/negative pair of bands in this region—an upshift
for increase in strength and a downshift for decrease.
In this experiment, we observe a positive band at 1703 cm-1 is assigned to
Asp299 from its disappearance in D299N and shift in D299E. However, a negative
band near 1720 cm-1 also disappears for both E169Q and D299N. This would indicate
that the same proton transfer mechanism may be blocked in both E169Q and D299N.
Consistent model is a proton transfer from Glu169 to Asp299. As discussed in section
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Fig. 3.17: Schematic model of the primary phototransition of CaChR1 showing
the all-trans to 13-cis retinal isomerization and the proton transfer from Glu169 to
Asp299.
3.2, although Asp299 acts as the predominant counterion in CaChR1, Glu169 can
become the predominant counterion in an environment where Asp299 is neutralized,
such as D299N mutant. In the mutant D299N, a proton transfer from Glu169 to
Arg299 would be impossible, abolishing both the 1703 cm-1 and 1720 cm-1. Similar
effect would be expected in the E169Q mutant as well. This model would maintain
the charge neutrality in the central region of CaChR1.
This close interaction between Glu169 and Asp299 is also supported by the
close distance shown in the X-ray crystallographic structure of C1C2 [63]. This strong
interaction would explain the relatively low frequencies of these bands. This model
is also consistent with the electrophysiology studies, where the current generation in
the P2 state is accelerated in the D299N mutant, but slowed in the E169Q mutant [84].
The same study concluded that Glu169 act as the primary SB proton acceptor during
the formation of the P2 state, but Asp299 can act as the alternate proton acceptor
at a significantly less efficiency [84]. The deprotonation of Glu169 in the primary
phototransition is consistent with the finding that Glu169 act as primary SB proton
acceptor. In E169Q mutant, Asp299 act as the alternate SB proton acceptor, but its
less efficiency slows the SB deprotonation and the formation P2.
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3.4 Molecular Events for the Open-channel State: FTIR Difference Spectroscopy
at 270 K
The 80 K FTIR difference spectroscopy study revealed that, unlike BR, CaChR1
goes through significant changes in its primary phototransition. Importantly, it was
concluded that a proton is transferred from Glu169 to Asp299. In this study, further
FTIR difference spectroscopy study is performed to study the long-lived conducting
state P3802 of CaChR1
[80]. We will refer to it as simply P2 state. In this study,
both static FTIR difference spectroscopy at 270 K and rapid scan FTIR difference
spectroscopy at 5 ◦C and 20 ◦C are utilized in addition to H2O-H2O exchange and
mutagenesis to further study the protonation changes in Glu169 and Asp299. From
these results, we propose for a proton transfer model that may be the basis for the
channel opening in CaChR1, first of its kind for channelrhodopsins.
3.4.1 Methods and materials
Expression, Purification, and Reconstitution of ChRs
The 7TM domain of CaChR1 or its mutants was expressed in Pichia pastoris,
purified, and reconstituted into ECPL as described in section 2.5.1.
Static Low-Temperature FTIR Difference Spectroscopy
A droplet containing approximately 50 µg of protein was dried on a BaF2 win-
dow (Crystran Ltd) in a dry box. Samples were hydrated through the vapor phase
with approximately 0.5 µL of H2O or D2O, then sealed with an o-ring and another
BaF2 window using Parafilm and Teflon tape. The cell was mounted in a liquid
nitrogen cooled cryostat (OptistatDN, Oxford Instruments) and cooled in the dark
to 270 K. The film was equilibrated for at least 30 minutes before any measurement
was made.
78
Measurements were performed as described in section 2.3.2. The spectra were
recorded using the following cycle: (1) dark, (2) under 505 nm LED illumination, (3)
dark, (4) under 590 nm LED illumination. Each spectrum was the average of 200
scans recorded at 4 cm-1 resolution, spanning approximately 1 minute. The cycle
was repeated at least 30 times.
Time-resolved Rapid Scan FTIR Difference Spectroscopy
A droplet containing approximately 100 µg of protein was dried on a CaF2
window (Crystran Ltd) in a dry box. Samples were hydrated through the vapor
phase with approximately 1 µL of H2O, then sealed with an o-ring and another
CaF2 window in a temperature-controlled cell (Harrick Scientific). The film was
equilibrated for at least an hour at either 5 or 20 ◦C before any measurement was
made.
Measurements were performed as described in section 2.3.3. The spectra were
recorded with 8 cm-1 resolution using a 320 kHz scanner velocity corresponding to
data acquisition window of 8 ms. Total of 500 scans were collected, each scan con-
sisting of 80 time-resolved difference spectra. Spectra corresponding to the first 45
ms post laser excitation were averaged to produce the final spectrum.
Data Processing
Fourier self-deconvolution (FSD) was performed using GRAMS/AI 7.02
(Thermo Fisher Scientific) with γ = 7 and Bessel smoothing set to 25%. Single
value decomposition (SVD) of time-resolved FTIR difference spectra as well as fitting
of time decay components to exponential functions was performed using MATLAB
(MathWorks).
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Fig. 3.18: Comparison of FTIR difference spectra of CaChR1 for static recorded at
270 K and rapid scan recorded at both 278 K and 293 K over the 1000–1800 cm-1
region. The dashed line is primary basis spectrum derived from SVD analysis of the
293 K rapid scan spectrum.
3.4.2 Results
Evidence for CaChR1 → P3802 Transition
The spectrum of CaChR1 P2 state was measured with static FTIR difference
spectroscopy at 270 K and compared to the spectra acquired by time-resolved rapid
scan FTIR difference spectroscopy at 5 and 20 ◦C. As shown in Figure 3.18, all
three methods produce similar spectra. The first basis spectrum produced by SVD
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(discussed below) of the rapid scan show a similar spectrum. Similar spectra were
previously observed for rapid scan at room temperature as well [85,137].
SVD analyses of the time-resolved rapid scan FTIR difference spectra were
performed, and the first basis spectrum for the 20 ◦C data is shown in Figure 3.18.
The second basis spectra were an order of magnitude smaller than the first basis
spectra. Importantly, these spectra were fit by single exponential decays with time
constants of around 65 and 170 ms, which are very consistent with the P3802 decay time
constants measured by laser-induced transient absorption spectroscopy (LITAS) at
the same temperatures [80]. Further, the trapped state at 270 K can be photoreversed
back to the ground state by illuminating it with 405 nm, supported by the similarity
between the ”2-1” and negative of ”4-3” spectra [80].
We can also deduce from the spectrum directly some evidence for the P2 state.
No significant positive bands are observed in the 1180–1195 cm-1 range, indicative of a
deprotonated SB, as seen in the FTIR difference spectrum of BR→ M [138]. CaChR1
P2 state, like the BR M, is expected to be the only state with a deprotonated SB,
so a sigificant presence of another state is unlikely.
In addition, the positive ethylenic band appear at 1564 cm-1, which is consistent
with both the νC=C of CaChR1 P2 state measured by RRS
[85] and the inverse linear
relationship between νC=C and λmaxas shown in Figure 3.4.
Overall, the FTIR difference spectrum of CaChR1 acquired at 270 K is most
likely due to the long-lived conducting P2 state of CaChR1.
Furthermore, as shown in Figure 3.19, the difference spectra from the mutants
also show similar patterns, confirming the CaChR1 → P2 transition. One exception
may be the presence of a larger negative band at 1184 cm-1 in the spectrum of
D299E, which may indicate an increase in 13-cis-retinal content in its ground state [79].
However, it’s been shown that the contribution from the 13-cis-retinal can be reduced
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Fig. 3.19: Comparison of the FTIR difference spectra over the 800–1800 cm-1 region
for CaChR1 and its mutants (E169Q, D299N, and D299E) recorded at 270 K. Y axis
markers indicate approximately 0.5 mOD for WT, 0.3 mOD for E169Q, 0.8 mOD for
D299N, and 0.7 mOD for D299E.
by looking at the ”2-1 first-push” (see section 2.3.2) instead of the ”2-1” average [80].
However, the carboxylic acid region stays unchanged between these two, suggesting
the bands in this region are due to the all-trans-retinal CaChR1 → P2 transition.
Band Assignments in the Carboxylic Acid C=O Stretch Region
As shown in Figure 3.20, there are many bands in this region, most likely
involving changes in several carboxyl groups. Ones that we are particularly interested
in are the Glu169 and Asp299, which are in the active site of CaChR1 near the retinal
SB.
E169Q Mutant
Most of the bands in this region stay relatively unchanged in the E169Q mu-
tant. The main change that occurs is the decrease in intensity of the broad posi-
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Fig. 3.20: Comparison of the FTIR difference spectra over the 1680–1800 cm-1 region
for CaChR1 and its mutants (E169Q, D299N, and D299E) recorded at 270 K. Dashed
plots show FSD processed spectra. Y axis markers indicate approximately 0.1 mOD
for WT, 0.06 mOD for E169Q, 0.03 mOD for D299E, and 0.2 mOD for D299N.
tive/negative bands near 1728 and 1715 cm-1, where the latter may be due to the
disappearance of a negative shoulder near 1720 cm-1 seen in the E169Q FSD spec-
trum and previously been assigned to the deprotonation of Glu169 [79]. Therefore,
we conclude that the E169Q mutant causes the disappearance of a positive/negative
band pair near 1728 and 1720 cm-1, assigning both of these bands to Glu169 in
CaChR1. This indicates that the carboxyl group of Glu169 undergoes a weakening
of its hydrogen bonding strength during the CaChR1 → P2 transition.
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D299E mutant
The largest change in the spectrum of D299E is the decrease of intensity in the
1740–1753 cm-1 region and the increase of intensity in the 1722 cm-1 region. Again,
1703 cm-1 band disappears, which may be due to residual P1 state in WT. The
positive bands at 1753 and 1741 cm-1 are also seen in D299E mutant as shoulder
bands shown in the D299E FSD spectrum in Figure 3.20. Therefore, we conclude
that the D299E mutant causes the shift of a positive band in the 1740-1750 cm-1
region to downshift 20–30 cm-1 to near 1722 cm-1, assigning the band in the 1740–
1750 cm-1 region to Asp299 in CaChR1. Similar effect is seen in BR, where the D85E
mutant causes the positive 1761 cm-1 band to downshift approximately 30 cm-1 in
the BR → M difference spectrum [136].
Note that the positive 1703 cm-1 band disappears, which was previously assigned
to the protonation of Asp299 in the P1 state. This band in WT may be due to residual
P1 state [84].
D299N mutant
Many of the bands in the WT spectrum disappears in the D299N mutant.
Glu169 is ionized in the ground state of D299N mutant [78], so the negative 1720 cm-1
band, assigned to Glu169 in the ground state, is expected to disappear. The positive
1728 cm-1 band, assigned to Glu169 in P2 state, may undergo a shift, as its interaction
with Asp299 is changed to Asn299. The positive band in the 1740-1750 cm-1 region,
assigned to Asp299, is expected to disappear as well. All these are observed, with
the band at 1728 cm-1 being upshifted to near 1732 cm-1. The observations in D299N
mutant confirms the assignments made for Glu169 and Asp299 above for the CaChR1
P2 state.
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Fig. 3.21: Schematic model of the proton transfer in CaChR1 showing the neutral
SB, E169, and D299 in the long-lived channel open P2 state.
3.4.3 Conclusions
In this study, we primarily used low-temperature FTIR difference spectroscopy
at 270 K along with mutagenesis to study the changes in the protonation states of SB,
Glu169, and Asp299. The results of this study are consistent with the previous RRS
and FTIR difference spectroscopy studies above and reveal the changes occur during
the formation of the open channel P2 state. Together with previous conclusions,
these changes suggest a proton transfer model that gives insight into the basis of
channel opening in CaChR1 and possibly other low-efficiency CCRs.
A Proton Transfer Model
Previously, Glu169 was found to be neutral in the ground state of CaChR1,
while Asp299 was ionized. However, it was revealed through electrophysiology studies
that Glu169 acts as a more efficient proton acceptor compared to Asp299 during the
formation of the open channel P2 state [84]. However, Asp299 acts as an alternative
proton acceptor and was also reported to play a more major role in channel opening
than Glu169 [84].
Along with the previous RRS and 80 K FTIR difference spectroscopy studies,
the 270 K FTIR difference spectroscopy study suggests a proton transfer model that
is consistent with previous biophysical studies. As shown in Figure 3.21, the model
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involves two steps: 1) a proton is transferred from Glu169 to Asp299 during the
formation of P1 state, 2) a proton is transferred from the SB to Glu169 during the
formation of P2 state, leaving a deprotonated SB with neutral Glu169 and Asp299.
Evidence from the results are discussed below to support this proposed model.
Asp299 is protonated in CaChR1 P2
As discussed in Results section and shown in Figure 3.20, the shift of a positive
band in the 1740–1753 cm-1 region in D299E and the disappearance of the same band
in D299N assigned the band to Asp299. From the RRS study and supported by the
80 K FTIR study, Asp299 is unprotonated in CaChR1 ground state. Therefore, the
assignment of this positive band indicates the protonated state of Asp299 in the P2
state. However, the protonation occurs during the formation of P1 state, where the
positive 1703 cm-1 band in the FTIR difference spectrum at 80 K is assigned to this
protonation of Asp299. The change in frequency is expected as its interaction with
the SB and Glu169 would change during the formation of P2 state. The large upshift
is indicate a significant weakening in hydrogen bonding, consistent with the loss of
the carboxyl-carboxylate interaction between Glu169 and Asp299 in the P1 state.
[Glu169 acts as the SB proton acceptor during the formation of CaChR1 P2]
As discussed in Results and shown in Figure 3.20, the positive/negative band
pair near 1728 and 1720 cm-1 disappears in E169Q and D299N, consistent with
their assignment to Glu169. The negative deprotonation band is consistent with
the negative band from the 80 K study, supporting its assignment to Glu169. The
positive protonation band is unique to the spectrum of P2 formation, consistent
with the previous study that named Glu169 as the primary SB proton acceptor [86].
The upshift of the band indicate a weakening in hydrogen bonding compared to the
ground state CaChR1, consistent with the loss of carboxylate-carboxyl interaction
in the ground state.
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Link to channel open state
One special feature of the CaChR1 P2 state is that both the SB counterions are
in a neutral state along with a neutral SB. This has not been observed in previously
studied microbial rhodopsins. For example, BR M state has a neutral SB and Asp85,
but Asp212 is ionized [138]. All other states of BR have a protonated form of the SB.
Similar results are shown in proteorhodopsin and sensory rhodopsin II [139]. One
possibility is that the charge distribution in the region near the SB play a role of
selectivity filter for the CaChR1, which acts as a passive cation channel in the P2
state. Many potassium channels contain a similar selectivity filter, a narrow pore
lined with carbonyl groups aligned in a way to replace the solvation shell of the
permeating cation [140]. However, a fully ionized carboxylate groups most likely would
block the movement of the permeating cation through the pore. In the structure of
C1C2, the residues homologous to CaChR1 Glu169 and Asp299 are in position to
play this selectivity role in the narrow conduction pore [113].
Further studies involving additional FTIR difference spectroscopy, kinetic vis-
ible absorption, and mutagenesis experiments with isotope labeled residues would
be required to validate the suggested proton transfer model in CaChR1. Compari-
son with the molecular mechanism of other low-efficiency CCRs would be necessary
to generalize the proposed model to low-efficiency CCRs. It is noted that in high
efficiency CCRs, the residue homologous to the neutral CaChR1 Phe139 is a posi-
tive lysine that interacts with the Glu169 homolog [80], which most likely produces a
different proton transfer mechanism.
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Chapter 4
Molecular Mechanism of Anion Channelrhodpsin from Guillardia theta
Ever since the use of CrChR2 in activating neurons was demonstrated in 2005,
the search for optogenetic silencers started as well. Inwardly directed chloride pump
(NpHR) and outwardly directed proton pump (AR3) have been shown to inhibit
cell activity [38,141]. Because they only conduct a single ion per photon absorbed, its
efficiency of hyperpolarization is greatly limited and required high expression levels
and light intensity. Chloride conducting channelrhodopsins were engineered from
CCRs [39,40], and further improvements have been made on them [142,143]. However, it
required mutations that altered the protein kinetics significantly like increasing the
photocycle duration.
In 2015, GtACR1 has been shown to produce similar efficiency as ion pumps
but with less than 1/1000th of the light intensity [12]. The natural ACRs appear
to have different molecular mechanism than CCRs that were engineered to conduct
chloride. In particular, the chloride conducting CCR mutants required the muta-
tion of Glu90 (CrChR2 numbering) to a neutral or alkaline residues [39,40], whereas
it’s conserved in natural ACRs (Glu68 in GtACR1) [66]. Other early works involving
electrophysiology photokinetic measurements also showed differences in their conduc-
tance mechanism [72], confirming that ACRs have evolved distinctly from CCRs and
are fundamentally different from CCRs [12]. This chapter will discuss the experimen-
tal work of the Molecular Biophysics Laboratory to study this difference in molecular
mechanism of GtACR1 [144,145].
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Fig. 4.1: A schematic diagram of a cryptophyte alga adapted from reference [146].
The genes for GtACR1 is from the nucleus.
4.1 Background on GtACR1
Guillardia theta is a cryptophyte algae, a complex unicellular organism that is a
transitional form between prokaryotic and eukaryotic organisms in the endosymbiotic
theory. The photosynthetic organelle in cryptophytes is presumably due to ingested
primitive photosynthetic eukaryote [147]. In addition to this photosynthetic organelle,
there are three other groups of genomes in Guillardia theta—plastid, mitochondrial,
and nuclear genomes. The nuclear genome of Guillardia theta was fully sequenced
in 2012 [146].
A Basic Local Alignment Search Tool (BLAST) search did not identify any gene
that was highly similar to channelrhodopsins, but three were identified to have some
key residues conserved with two showing photoinduced current, named GtACR1 and
GtACR2 [12]. These ACRs act as passive anion channels in response to absorption of
light without movement of protons or other cations, and it causes hypoerpolarization
of the membrane potential in a neuron by allowing chloride ions to flow into the
cell [12].
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Fig. 4.2: Sequence of GtACR1 and its predicted folding pattern. Highlighted residues
include Ser97 and Asp234, which are homologues of Asp85 and Asp212, respectively,
in BR that comprise the complex counterion to the SB.
In addition to the differences mentioned above, another important residue is not
conserved in these ACRs. The residue homologous to the BR counterion Asp85 is a
serine in these ACRs, as shown in Figure 4.2. Similarly, in other ACRs, it is replaced
with either weakly- or non-polar residues glycine or alanine [66]. Interestingly, NpSRII,
a chloride pumping, also does not have Asp or Glu in this position but a Thr (see
Figure 1.4). As discussed in Chapter 3, BR Asp85 homolog in CaChR1 (Glu169),
together with the SB and Asp299, plays a major role in the molecular mechanism
behind the channel opening during the P2 photointermediate. This substitution of
a well-conserved residue, with the fact that GtACR1 has its anion channel open
before the SB deprotonation, further sparks interest in these new family of proteins
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to discover a different set of molecular mechanism governing the channel opening and
ion selectivity.
4.2 Ground state of GtACR1: Resonance Raman Spectroscopy
Similar to the study on CaChR1, we start our study of GtACR1 with RRS
to understand the interactions of retinal chromophore, SB, and nearby residues.
Fingerprint region of the resonance Raman spectrum of GtACR1 is compared to
those of BR and CaChR1, and their similarity allows us to conclude similar ground
state retinal structure—all-trans. Site-directed mutagenesis, along with pH titration
and H2O–D2O exchange, were used to study the mutations of the Glu68, Ser97, and
Asp234. Glu68 was suggested as a possible counterion to the SB, because the BR
Asp85 homolog is a serine in GtACR1, which is neutral and most likely does not play
a role as a counterion. This study shows that GtACR1 has a stable RRS spectrum
over a wide range pH and both Glu68 and Asp234 are neutral in the ground state,
suggesting neither plays the role of a primary counterion to the SB. In addition,
Glu97 in the S97E mutant also exists in a neutral form but deprotonates at higher
pH.
4.2.1 Methods and Materials
Expression, Purification, and Reconstitution of ChRs
The 7TM domain of GtACR1 was expressed in Pichia pastoris, purified, and
reconstituted into ECPL as described in section 2.5.
Near-Infrared Resonance Raman Spectroscopy
Reconstituted ChR samples were used for confocal near-IR RRS. 20 to 50 µg
of reconstituted ChR solution was spun in a centrifuge (D3024 Micro-Centrifuge,
SCILOGEX) for 5 minutes at 21380 g, and the produced pellet was washed in the
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same way twice using 300 mM NaCl, 20 mM Tris/HEPES buffer adjusted to various
pH values using HCl for acidic and NaOH for alkaline range. Final solution was
pelleted again then inserted into a 0.5 mm x 0.5 mm ID square borosilicate glass
capillary (Wale Apparatus) using a 10 µL syringe (Hamilton Company). One end
was sealed with heat prior to the insertion of protein. The capillary was spun for
1 minute at 14000 g to increase the concentration of the protein at the sealed end
of the capillary. The other end was sealed with Critoseal (Leica Microsystems) to
prevent dehydration of the protein. The level of hydration was sufficient to keep
the membranes fully hydrated during the course of the measurement. The above
procedure was repeated for high-concentration anion solutions, except the wash buffer
was either 2 M NaCl or 1 M Na2SO4 without Tris.
The RRS was conducted at room temperature on the Renishaw inVia confocal
Raman system as described in section 2.4.2 with 780 nm laser excitation. Averaging
time of 30 seconds was used, with 20 seconds of dark between each scan. This
cycle was repeated 30–1000 times, depending on the signal-to-noise of the spectrum
produced.
UV-Vis Spectroscopy
Approximately 50 µg of reconstituted ChR solution was washed in 300 mM
NaCl/20 mM HEPES buffer (pH 7). To reduce scattering, the solution was sonicated
three times for 30 seconds, with 30 seconds in ice bath after each cycle. The sonicated
solution was placed in a quartz cuvette (Thorlabs, Inc.), and UV-Vis absorbance
spectrum was recorded on a Cary 6000 equipped with an internal diffuse reflectance
accessory using 0.1 second per step size of 1 nm (approximately 1 minute total scan
time for range of 200–800 nm). Light-adapted sample measurements were performed
immediately after illumination for >5 minutes with a 530 nm LED (Thorlabs, Inc.)
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at 10 mW/cm2 at the sample. Similarly, dark-adapted sample measurements were
performed immediately after >30 minutes in the dark.
Spectral Analysis
Spectra analysis for RRS spectra were performed using GRAMS/AI version 7.02
(Thermo Fisher Scientific), while MATLAB was used for UV-Vis spectra. RRS spec-
tra was baseline corrected by subtracting the empty borosilicate capillary spectrum.
UV-Vis was baseline corrected by fitting to a combination of Rayleigh and Tyndall
scattering curves. For curve fitting of the ethylenic and SB peaks, a curve-fitting
procedure on GRAMS/AI was utilized, which incorporates χ2 minimization. The
peaks in the RRS spectrum was fit from 1480 to 1600 cm-1 for the ethylenic region
and from 1590 to 1700 cm-1 for the SB region, both with a linear baseline. The fitting
procedure identified three Voigtian peaks in the ethylenic region and two Voigtian
peaks in the SB region.
4.2.2 Results
No Light-Dark Adaptation Change in GtACR1
Figure 4.3 shows the UV-Vis spectrum of GtACR1 recorded at room temper-
ature. The unfit spectrum shows absorption maximum near 515 nm, whereas the
fit peaks show near 520, 467, and 419 nm, consistent with the previous UV-Vis and
current measurements [12,72]. There is no significant difference between the light- and
dark-adapted states, suggesting absence of a different dark-adapted state similar to
CaChR1. In support, the resonance Raman spectrum of GtACR1 did not change
significantly when the laser power was reduced from 300 mW to 300 µW [144].
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Fig. 4.3: UV-Vis spectrum of GtACR1 in H2O at pH 7 at room temperature. Data
was recorded at room temperature using Cary 6000 with internal diffuse reflectance
accessory. Peak fitting shows three peaks near 520, 467, and 419 nm.
Similarity of the Resonance Raman Spectra of GtACR1, BR, and
CaChR1
As shown in Figure 4.4, the resonance Raman spectrum of GtACR1 is very
similar to the spectra of BR and CaChR1, especially in the fingerprint region. In
section 3.2, similar comparison to BR and NpSRII was presented for CaChR1 to
conclude about its all-trans-retinal content in the ground state. In contrast, CrChR2
is known to have a mixed retinal content in its ground state and has a very different
fingerprint region compared to the other microbial rhodopsins with all-trans-retinal
(see Figure 3.3).
The bands in the fingerprint region of GtACR1 RRS spectrum are almost identi-
cal to the peaks found in the same region for CaChR1 in both intensity and frequency.
As mentioned in 3.2, these bands represent C–C stretching modes of the retinal that
are very sensitive to its isomeric state [90,93,96]. For more detailed comparison, see
section 3.2.
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Fig. 4.4: Resonance Raman spectra of BR, GtACR1, and CaChR1 in H2O at pH 7.
Data was recorded at room temperature using 780 nm laser with a 300 mW power
( 70 mW at sample). The spectra were scaled using the intensity of the ethylenic
band near 1532 cm-1.
In addition, the hydrogen-out-of-plane (HOOP) mode region is similar for
GtACR1, BR, and CaChR1. The 1007 cm-1 band assigned to the in-plane methyl
rocking vibrations of the two methyl groups at positions C9 and C13 in BR [93] are
well conserved in GtACR1, similar to CaChR1.
Assignment of the GtACR1 Ethylenic C=C Stretching Vibration
As Figure 4.4 shows, the main peak in the ethylenic region of GtACR1 RRS
spectrum is at 1532 cm-1, same as the CaChR1 spectrum. Consistently, Figure 4.3
shows λmax of GtACR1 fitted to 520 nm, similar to 524 nm for CaChR1 (see Figure
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Fig. 4.5: Comparison of resonance Raman spectra of GtACR1 (A) WT, GtACR1
regenerated with (B) A2 retinal, (C) all-trans-[15-13C,15-2H]retinal, and (D) all-
trans-[14-2H,15-2H]retinal. Data was recorded at room temperature using 780 nm
laser with a 300 mW power ( 70 mW at sample). The spectra were scaled using the
intensity of the ethylenic band near 1532 cm-1.
3.2), corresponding to the approximate inverse linear relationship between λmax and
νC=C for microbial rhodopsins (See Figure 3.4). Similar to CaChR1, the ethylenic
band of GtACR1 has a shoulder at a higher frequency, which was resolved at 1545
cm-1 with peak fitting procedure [144]. A similar blue shifted shoulder is also observed
in UV-Vis spectrum as well (Figure 4.3 for GtACR1 and Figure 3.2 for CaChR1).
As discussed in section 3.2, this shoulder peak in CaChR1 is most likely at-
tributed to a vibronic coupled ethylenic band of a protonated all-trans-retinal. A
similar argument can be made for GtACR1, but more experiments are required to
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strongly dispel other possibilities. One possibility is that the band is due to a strong
non-resonant protein amide II band. As shown in Figure 4.5, this 1545 cm-1 band is
unchanged while the main 1532 cm-1 is downshifted when isotopes near the SB are in-
troduced, such as in all-trans-[15-13C,15-2H]retinal and all-trans-[14-2H,15-2H]retinal.
However, 1545 cm-1 band downshifts to 1538 cm-1 in GtACR1 substituted with A2
retinal, which has an extra C=C bond in its β-ionone ring. This is probably strong
indication that it is not due to a protein band, but due to a vibronic coupling near
the beta-ionone ring of the protonated all-trans-retinal.
Assignment of the GtACR1 SB C=N Stretching Vibration and Strength
of Hydrogen Bonding
The 1600-1700 cm-1 region contains bands due to C=N SB stretching mode and
also non-resonant protein amide I mode [105], which is normally the strongest band
in the non-resonance Raman spectrum of proteins [119]. Unlike BR and CaChR1,
two bands are observed in this region for GtACR1 near 1640 and 1656 cm-1. To
distinguish between the two possibilities, hydrogen–deuterium exchange was used,
which is expected to cause a frequency downshift of the band due to the protonated
SB [91]. Magnitude of this downshift is indicative of the strength of the hydrogen
bonding of the PSB [106,107].
As shown in Figure 4.6, the hydrogen–deuterium exchange causes the downshift
of the 1640 cm-1 band to 1622 cm-1, assigning the 1640 cm-1 band to the protonated
C=N SB stretching mode. The frequency and magnitude is actually very similar to
that of BR (1639 to 1622 cm-1, Figure 3.5) and AR3 [71]. However, the frequency is
lower and the downshift magnitude is lower compared to CaChR1 and CrChR2 [65],
whose SB peak near 1646 cm-1 and 1659 cm-1 downshift 26 cm-1 and 28 cm-1, respec-
tively. This indicates that the SB hydrogen bonding strength of GtACR1 is similar
to those of BR and AR3, but weaker compared to CaChR1 and CrChR2.
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Fig. 4.6: Comparison of resonance Raman spectra of GtACR1 and CaChR1 recorded
in H2O and D2O.
The second band at 1656 cm-1 is most likely due to amide I mode of GtACR1.
Our excitation laser wavelength is 780 nm, which is nearly 350 nm from the λmax.
Although this far wavelength allows us to avoid driving the photocycle, it provides
a weaker resonance enhancement, which may allow non-resonant peaks to appear
in the spectrum. To test this hypothesis, RRS measurements were performed us-
ing a 532 nm laser wavelength, closer to λmax of GtACR1. In this experiment, the
1656 cm-1 band disappears, while the 1640 cm-1 is unchanged [144], consistent with
the assignment of 1656 cm-1 to amide I protein band. It is noted that this exper-
iment also produces other photointermediate states, which causes the fingerprint
region to change significantly. For example, 1184 cm-1 band increases, indicating
an accumulation of 13-cis-retinal content. Despite the major changes in the finger-
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print, only minor changes occur in the ethylenic region, confirming that fingerprint
region is a much more sensitive region to retinal isomeric state. In addition, a RRS
spectrum was collected with 780 nm laser but with a 1/1000th of power, which did
not show any change compared to the normal spectrum [144]. This confirms that no
such light-driven photointermediate states are accumulated during the normal RRS
measurements.
NH In-Plane Bending Region
In BR, a band near 1350 cm-1 is assigned to a NH and C15H in-plane bending
motions, and the NH portion downshifts to 976 cm-1 under hydrogen–deuterium
exchange [93] (Figure 3.5). Similar downshifted peaks are observed in both GtACR1
and CaChR1 at 973 and 969 cm-1, respectively. The similarity of these downshifts
and frequencies indicates a similar hydrogen bonding interactions near the PSB for
all three proteins.
Effects of pH
As shown in Figure 4.7, the RRS spectrum of GtACR1 stays unchanged over
the pH range of 3–11. This includes even the very sensitive and complex fingerprint
region. Below this range, we see a major increase of non-resonant bands near 1656
and 1442 cm-1. The fingerprint region also seems to alter slightly, indicating some
changes around the retinal chromophore as well. It may indicate that the protein is
unstable at this low pH range.
Above pH 11, we see a gradual increase in intensity of a band near 1578 cm-1,
with a complete disappearance of the 1532 cm-1 band at pH 12.5. This large upshift
may be attributed to the deprotonation of the SB, similar to the BR M state that has
an upshifted ethylenic peak near 1567 cm-1. This transition was shown in detergent
micelles by visible absorption measurements with a pKa of 9, where an M-like product
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Fig. 4.7: Comparison of resonance Raman spectra of GtACR1 recorded at various
pH values ranging from 2.5 to 12.5.
was produced above this pH [148]. The higher pH value for this transition in the Raman
result is most likely due to combination of two factors. First, the RRS measurements
were performed on GtACR1 in ECPL instead of detergent micelles. Second, the
resonance enhancement from the 780 nm laser is expected to be much lower for a
blue shifted form; therefore, a near depletion of the 1532 cm-1 species is required
before 1578 cm-1 species can be detected.
Effects of Substitutions of Ser97 to Glu
In GtACR1, Ser97 is in the position of Asp85 in BR, which plays the role of the
primary SB counterion and proton acceptor, and Glu169 in CaChR1, which plays
the role of an alternative SB counterion and proton acceptor. This difference is also
100
Fig. 4.8: Comparison of resonance Raman spectra of GtACR11 and mutants E68Q,
S97E, and D234N.
observed in chloride pumps HsHR and NpHR. Serine is not expected to exist in
an ionized form and cannot act as a counterion to the SB. So we studied the S97E
mutant to see what a Glu residue would do in this position.
As shown in Figure 4.8, the S97E mutation at pH 7 causes a 4 cm-1 downshift
of the ethylenic peak, consistent with a red shift of the λmax on the basis of the
approximate inverse linear relationship between νC=C and λmax
[144]. This suggests
that Glu97 is neutral at this pH, as an introduction of a negative charge close to the
SB would produce an upshift of νC=C and a blue shift of λmax
[27,28]. Other regions,
including the fingerprint and the SB region, stay relatively unchanged, indicating
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Fig. 4.9: Comparison of resonance Raman spectra of GtACR1 S97E recorded at
various pH values ranging from 7 to 11.
that the mutant still contains a protonated all-trans-retinal chromophore, similar to
GtACR1 WT.
Unlike serine, glutamic acid can be ionized at higher pH. Figure 4.9 shows a
transition to an upshifted species at 1545 cm-1 as pH is increased, consistent with a
35 nm blue shift seen in the absorption measurements for the same mutant with pKa
of 8 [148]. This large shift is most likely due to the deprotonation of Glu97. At even
higher pH (>10.5), we observe the appearance of 1579 cm-1 band, similar to WT,
and is attributed to the deprotonation of the SB.
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Effects of Substitutions of Asp234 to Asn
In GtACR1, Asp234 is in the position of Asp212 in BR, which plays the role
of a SB counterion, and Asp299 in CaChR1, which plays the role of the primary SB
counterion. The mutation D234N changes the Asp, which can be either ionized or
neutral, to a Asn, which is neutral. However, it is still a polar residue and can play
a role in hydrogen bonding such as in the BR D85N mutant [110]. Figure 4.8 shows
an upshift of 3 cm-1 of νC=C to 1535 cm
-1 in the D234N mutant, and a consistent
blue shift of λmax is observed
[144]. If Asp234 was ionized in WT, the removal of this
negative charge in the D234N mutant would have caused a downshift of νC=C
[27,28].
Therefore, we expect that Asp234 in WT is in a neutral state. A small change in the
peak intensities is observed in the fingerprint region, possibly with an increase of the
1184 cm-1 band, which is indicative of a 13-cis-retinal content. The 1356 cm-1 band
assigned to the mixed NH and C15 bending modes also disappear, further indicating
changes of the SB hydrogen bonding. The SB νC=N also upshifts slightly to 1645
cm-1, compared to 1640 cm-1 in WT.
Effects of Substitution of Glu68 to Gln
Glu68 in GtACR1 does not have a homologous residue in BR, but corresponds
to Glu90 in CrChR2 and Glu136 in CaChR1. In the crystal structure of the C1C2
chimera, this residue is sufficiently close to interact with the SB [63]. Its mutation to
the neutral residue Gln alters the channel gating mechanism of GtACR1 [72]. Despite
these factors, the RRS spectrum of the E68Q mutant is essentially identical to the
spectrum of WT. A minor red shift of the λmax of GtACR1 in detergent micelles is
observed in the visible absorption measurements [148], but it corresponds to too small
of a change in RRS spectrum to be observed. Therefore, we expect that Glu68 is
also neutral in the ground state of the GtACR1 WT. Similarly, the Glu90 residue
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was found to be neutral in CrChR2 using similar techniques, UV-Vis and FTIR
measurements using the E90Q mutant [149,150].
The RRS spectrum of E68Q also stays unchanged for a wide range of pH, even
up to pH 12, higher than observed for WT [144]. The spectrum of E68Q at pH 12 is
very similar to the WT spectrum observed at pH 11.5 [144]. At pH 13, both WT and
E68Q appear to bleach completely, and no retinal bands are detected. These results
indicate that the Glu68 interacts with the SB, consistent with the visible absorption
measurements [148].
4.2.3 Conclusions
In this study, we used near-IR confocal pre-resonance Raman spectroscopy to
study the retinal chromophore structure and the retinal–protein interaction of ACR1
from Guillardia theta (GtACR1). A notable feature of GtACR1, along with other
natural ACRs, is that BR Asp85 homolog is not conserved. In natural ACRs, this
residue is replaced with a neutral residue like serine (GtACR1 and GtACR2), alanine,
or glycine [66]. In contrast, this residue is highly conserved in CCRs as a glutamic acid
residue, with exception of a unique pure proton conducting ChR1 from Dunaliella
salina [151].
Interestingly, chloride pumping HRs also have a neutral residue in the BR Asp85
position [6]. For HR, the negative charge of BR Asp85 residue is replaced by a Cl−
located near the SB [152–156]. In GtACR1, the counterion mechanism is unknown,
and few ideas are possible. Asp234 is still conserved and may play a role of the
primary counterion to the PSB, or an anion (like Cl− in HR) may be present near
the SB. Alternatively, another residue, like Glu68 mentioned above, may function as
the primary counterion.
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GtACR1 has a pure all-trans-retinal composition
Although most microbial rhodopsins have an all-trans-retinal configuration in
their ground state, some are known to have a mixed retinal isomers. For example, a
recently discovered middle rhodopsin (MR) contain three retinal isomers—all-trans,
13-cis, and 11-cis [157]. More famously, CrChR2 contains a mixture of all-trans- and
13-cis-retinal isomers [64,65]. This difference in retinal isomer content is apparent in
the RRS spectra [78,149,150].
GtACR1 has a very similar RRS spectrum compared to BR and CaChR1,
especially in the fingerprint, in-plane NH bend, and HOOP-mode regions. Therefore,
we conclude that GtACR1 has a similar retinal content as BR and CaChR1, all-trans-
retinal.
GtACR1 SB is protonated and has similar hydrogen bonding strength as
BR SB
From the downshift observed under H–D exchange, the 1640 cm-1 band is as-
signed to the PSB vibration νC=N of GtACR1. The magnitude of the downshift, 18
cm-1, is significantly smaller than in CaChR1 (26 cm-1) and CrChR2 (28 cm-1) [78],
suggesting a weaker hydrogen bonding strength of GtACR1 SB proton compared to
CaChR1 and CrChR2. In BR, the H–D exchange causes a 17 cm-1 downshift of
the νC=N, indicating a similar hydrogen bonding strength of BR and GtACR1 SB
protons.
Protonation state of the SB and nearby residues is insensitive to pH
changes over a wide pH range
The RRS spectrum of GtACR1 does not change significantly over the pH range
of 3–11. Bands in the SB νC=N, ethylenic νC=C, fingerprint, in-plane NH bend,
and HOOP-mode regions all stay the same in this pH range. This indicates that the
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retinal chromophore remains in an all-trans form with protonated SB and the nearby
titratable groups (Glu68 or Asp234) do not undergo any changes in their protonation
states.
This insensitivity to pH change can be attributed to, at least in part, the re-
placement of a Asp/Glu for Ser97, whose neutral OH group is not titratable. When
this residue is turned into a Glu97, a deprotonation of this residue is observed at
higher pH by the decrease of 1528 cm-1 band and the increase of 1545 cm-1 band
(Figure 4.9). In contrast, Asp234 may be in a negatively charged form, at least at
a higher pH. However, as discussed below, Asp234 exists in a neutral state at pH 7,
and the insensitivity to pH indicates that it stays in a neutral state in the pH range
of 3–11.
Significant changes in the RRS spectrum is observed at pH 12 and above. At
pH 12, the 1578 cm-1 band is increased while 1532 cm-1 band is decreased, most likely
due to the deprotonation of the SB associated with a blue shifted visible absorption.
As discussed above, the actual pKa of SB deprotonation is most likely at a lower
pH value, because of the reduced resonance enhancement of the blue shifted species.
Above this pH, GtACR1 appears to bleach completely, as retinal chromophore bands
start to disappear and non-resonant protein bands dominate. Similarly, at pH 2.5,
protein bands start dominating, indicating protein denaturation. Interestingly, even
at this low pH, all the retinal bands do not undergo any frequency shifts, indicating
that the residues near the SB do not undergo protonation. This is in contrast to BR,
where Asp85 is protonated below pH 3, causing a 30 nm red shift of λmaxand 9 cm
-1
downshift of νC=C
[109].
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Glu68, Ser97, and Asp234 do not serve as the primary counterions for the
SB at neutral pH
In BR and many microbial rhodopsins, Asp85 or Asp212 or both serve as coun-
terions to the protonated SB. However, in GtACR1, Asp85 homolog is Ser97, which
is expected to stay in a neutral form. Consistent with this, no changes in RRS spec-
trum is detected over a wide range of pH. Also, even when the Ser97 is changed to
a Glu residue, it stays neutral at pH 7. In addition, the magnitude and direction
of the shifts in νC=C and λmax of the D234N mutant indicate that Asp234 does not
interact strongly with the PSB.
An alternative possibility for a counterion Glu68 was proposed based on pre-
dicted distance from the SB. However, the RRS results of the E68Q mutant is incon-
sistent with Glu68 being the SB counterion. The SB deprotonation occurs at a higher
pH in the E68Q mutant, possibly because deprotonation of Glu68 may precede the
SB deprotonation in WT.
Another possibility for a counterion is the presence of an anion near SB, like in
HR. However, recent visible absorption experiments show that the photocycle kinetics
of GtACR1 are insensitive to deionization and replacement of Cl− with SO2−4
[148].
In agreement, resonance Raman studies involving anion substitutions did not show
significant changes (data not shown).
Although both Glu68 and Asp234 of GtACR1 are neutral in the ground state,
it does not remove the possibility of them playing a role of a proton acceptor or
donor during the photocycle. In fact, the E68Q mutant causes a 4–5 fold decrease
in the degree of accumulation of M intermediate and corresponding disappearance
of fast channel closing at pH 7.4 [148]. In addition, this substitution eliminates a
pH-dependent shift in λmax of the WT
[148].
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More studies are required to determine the presence of a SB counterion and the
role of Glu68 and Asp234 in the photocycle of GtACR1.
4.3 K and L Intermediates of GtACR1: FTIR Difference Spectroscopy
The results from the resonance Raman spectroscopy were surprising, because all
the typical counterion candidates were neutral, including a possible alternative Glu68,
and the SB counterion is still unidentified. In addition, previous flash-induced ab-
sorption and current measurements revealed that the open channel state of GtACR1
occurs during the L state and involves two different mechanisms [148]. This is also
unusual, because the ”active state” of most microbial rhodopsins, such as signaling
states of sensory rhodopsins and open channel states of CCRs, is associated with the
M or later states, not the earlier K or L states.
In this next set of experiments, low-temperature FTIR difference and UV-Vis
spectroscopies are performed to study the changes that occur during the formation of
K and L intermediates of GtACR1 [145]. Stable isotope labeled retinal substitutions,
site-directed mutagenesis, and H2O and D2O exchange were used to assign vibrational
bands and study the photocycle kinetics of GtACR1. Very different results are
observed for GtACR1 compared to BR or CaChR1. In fact, a mixture of K and
L intermediates are observed at 80 K unlike most other microbial rhodopsins that
exhibit pure K like state, and the L:K ratio is increased at 170 K. Evidence are
presented that attributes this phenomenon to a Met105 residue, which is usually a
conserved Leu or Ile residue.
4.3.1 Methods and materials
Expression, Purification, and Reconstitution of ACRs
The 7TM domain of GtACR1 or its mutants was expressed in Pichia pastoris,
purified, and reconstituted into ECPL using a procedure described in section 2.5.
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The final buffer used for storage of the membranes at 5 C◦ was 5 mM K2HPO4, 100
mM NaCl, pH 7.3.
Regeneration of GtACR1 with Isotope-Labeled All-trans-retinal and A2
Retinal
The two isotope-labeled retinals used in this study, all-trans-[15-13C,15-
2H]retinal and all-trans-[14-2H,15-2H]retinal were synthesized as previously de-
scribed [114]. A2 retinal (3,4-dehydroretinal) was purchased from Toronto Research
Chemicals (CAS Registry No. 472-87-7). GtACR1 was bleached and regenerated
with isotope-labeled retinal or A2 analogue using the procedure described in section
2.5. Briefly, GtACR1 reconstituted in ECPl was suspended in a hydroxylamine buffer
and exposed to 530 nm LED illumination for 40 minutes. The bleached GtACR1
was pelleted and resuspended in 300 mM NaCl, 20 mM HEPES, pH 7 buffer three
times. A 2-fold stoichiometric excess of isotope-labeled retinal or A2 analogue was
added.
Low-temperature FTIR-difference Spectroscopy
A droplet containing approximately 50 µg of protein was dried on a BaF2 win-
dow (Crystran Ltd) in a dry box. Samples were hydrated through the vapor phase
with approximately 0.5 µL of H2O or D2O, then sealed with an o-ring and another
BaF2 window using Parafilm and Teflon tape. The cell was mounted in a liquid
nitrogen cooled cryostat (OptistatDN, Oxford Instruments) and cooled in the dark
to 80 K or 170 K.
Measurements were performed as described in 2.3.2. The ”decay” spectra were
recorded using the following procedure: (1) dark, (2) under 530 nm LED illumination,
(3-14) dark. The ”push-back” spectra were recorded using the following cycle: (1)
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dark, (2) under 530 or 455 nm LED illumination, (3) dark, (4) under 590 nm LED
illumination. This push-back cycle was repeated at least 30 times and averaged.
Low-temperature UV-visible Absorption Difference Spectroscopy
Almost an identical method as described above for the FTIR difference decay
measurements were used to record low-temperature UV-visible difference spectra
of GtACR1. Samples were prepared using the same method as low-temperature
FTIR samples, then it was lowered into the same cryostat (OptistatDN, Oxford
Instruments) into the sample compartment of a Cary 6000 UV-visible absorption
spectrometer. Spectra were acquired from 350 nm to 800 nm using 0.1 second av-
eraging time with 1 nm steps; each spectrum took slightly less than 1 minute to
acquire. Samples were cooled in the dark from room temperature and equilibrated
at the desired temperature for minimum of 30 minutes. Three successive spectra
were initially acquired, each starting one minute apart, before the sample is illumi-
nated with 530 nm light for one minute. Immediately following the illumination, 30
or 120 successive spectra were acquired, each starting one minute apart. Average of
the three pre-illumination spectra is termed ”Pre-LED”, and the post-illumination
spectra are designated by the number of minutes after the illumination, with first
spectrum starting at ”1”.
The absolute absorbance spectra of GtACR1 films included contribution from
the BaF2 windows whose absorption changes as a function of temperature and con-
tributes to the absorption at wavelengths below 400 nm. Individual difference spec-
tra were baseline corrected separately to account for the baseline drifts that occur
throughout the experiment. The difference spectra were smoothed using 5-point sym-
metric moving average, then it was baseline corrected using combination of Tyndall
and Rayleigh scattering terms and an additional linear term on the region of spectra
below 400 nm and above 700 nm.
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Fig. 4.10: Comparison of averaged FTIR difference spectra of GtACR1, BR, and
CaChR1 recorded at 80 K over the range 800–1800 cm-1. Y axis markers indicate
approximately 5 mOD for BR and 1 mOD for CaChR1 and GtACR1.
4.3.2 Results
Low-temperature FTIR Difference Spectroscopy
Ethylenic Region
The 80 K FTIR difference spectrum of GtACR1 has a few different features
compared to BR, CaChR1, and other microbial rhodopsins. Largest difference is in
the ethylenic C=C stretch region (1500-1600 cm-1), where there’s typically a large
negative band and a large downshifted positive peak, corresponding to the depletion
of the ground state and the formation of a red shifted K intermediate. For example,
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in the 80 K FTIR difference spectra of BR and CaChR1, (-)1530/(+)1514 cm-1 and
(-)1535/(+)1522 cm-1 pairs are observed, respectively.
In the 80 K FTIR difference spectrum of GtACR1, a large negative band at 1530
cm-1 is observed, consistent with the ground state νC=C observed by RRS
[144]. How-
ever, a strong downshifted positive peak is missing, and only a weak peak near 1514
cm-1 is observed in the averaged spectrum (Figure 4.10), and 1506 cm-1 in the first-
push spectrum (Figure 4.11). In contrast, a strong upshifted positive peak near 1545
cm-1 is observed. Based on the well-known inverse linear relationship between νC=C
and λmax, this upshifted νC=C corresponds to a photointermediate with λmax near
485 nm. This matches the broad λmax found in this region for the L-intermediate of
GtACR1 deduced from global fitting of the transient visible absorption spectroscopy
measured at room temperature [148].
This range is also sensitive to changes in the strong amide II band from the
protein, so isotope labeled retinals (all-trans-[15-13C,15-2H] and [14-2H,15-2H] reti-
nals) were used to differentiate the protein bands from the retinal bands. These
isotope labels are expected to downshift the νC=C based on earlier FTIR difference
studies on BR and CaChR1 [79]. As shown in Figure 4.11, the [15-13C,15-2H] and
[14-2H,15-2H] retinal substitutions cause a 10 and 18 cm-1 of the negative 1530 cm-1
band, respectively, in agreement with the shifts observed in RRS where retinal bands
are enhanced [145]. In addition, the positive 1545 cm-1 band also downshifts 8 and 10
cm-1, for the [15-13C,15-2H] and [14-2H,15-2H] retinal substitutions, respectively. The
difference in the extent of the downshifts observed for the negative 1530 cm-1 and
positive 1545 cm-1 bands reflects the different mode coupling expected for all-trans
and 13-cis retinal chromophore states [88,93]. These results indicate that the posi-
tive 1545 cm-1 band is due to the retinal ethylenic C=C stretching mode of the L
intermediate and not from the amide II vibrations of the protein.
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Fig. 4.11: Comparison of the FTIR difference spectra over the 800–1800 cm-1 re-
gion recorded at 80 K for GtACR1 WT and GtACR1 regenerated with [15-13C,15-
2H]retinal and [14-2H,15-2H]retinal. Two independent spectra are shown for each,
highlighting the reproducibility. Y axis markers indicate approximately 1.5 mOD for
WT and 1 mOD for regenerated samples.
The lack of a downshifted positive peak suggests that much less K photoproduct
is produced compared to what is normally observed under this condition. Another
possibility is that the negative bands at 1530 and 1522 cm-1 overlap with the positive
K band, reducing its intensity. The presence of an upshifted positive peak suggests
an unusual accumulation of an L intermediate under this condition. The possibility
of L accumulation from photoreaction of a stable K intermediate formed at 80 K was
tested by using a 455 nm illumination. A 455 nm illumination would be expected
to have less interaction with a red shifted K intermediate; however, both illumina-
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tions produced nearly identical spectra [145]. In addition, the successive decay spectra
did not show much change compared to the initial ”2-1” difference spectrum [145],
eliminating the possibility that an L state is transient species at 80 K which accu-
mulates during illumination. These results indicate that the K and L intermediates
of GtACR1 at 80 K exist in a fast equilibrium, consistent with the conclusion from
room temperature visible absorption measurement [148].
Fingerprint Region
The fingerprint region (1100-1250 cm-1) of the GtACR1 FTIR difference spec-
trum recorded at 80 K is also different compared to those of BR, CaChR1, and other
microbial rhodopsins (Figure 4.10). These bands are due to the mixed C-C stretching
modes of the retinal chromophore and are very sensitive to the retinal configuration.
The negative bands in this region of the GtACR1 spectrum are very similar to those
of BR and CaChR1, consistent with the conclusion from the previous RRS experi-
ments that GtACR1 has all-trans-retinal configuration in its ground state like BR
and CaChR1 [144].
GtACR1 also exhibit strong positive bands at 1182 and 1192 cm-1 (Figure 4.10).
In the first-push spectrum, the main peak is at 1182 cm-1 with a shoulder at 1182
cm-1. This is in contrast to the strong positive band near 1195 cm-1 for BR and
CaChR1. Another unusual feature of GtACR1 80 K FTIR difference spectrum is
the presence of a strong positive 1146 cm-1 band, not present in BR and CaChR1.
This band is similar to the positive 1154 cm-1 band present in the BR→ L difference
spectrum [158], which is assigned to the C14-C15 stretch mode on the basis of isotope
labeling [159]. In the case of GtACR1, the effect of [15-13C,15-2H] and [14-2H,15-2H]
retinal substitutions (Figure 4.11) is also consistent with the assignment of this band
to the C14-C15 stretch mode.
Schiff base and Amide I Region
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Fig. 4.12: Comparison of the FTIR difference spectra over the 800–1800 cm-1 region
recorded at 80 K for GtACR1 in H2O and D2O. Y axis markers indicate approxi-
mately 0.5 mOD for H2O spectrum and 0.1 mOD for D2Ospectrum.
There are several bands that appear in the 1600-1700 cm-1 region of the 80 K
FTIR difference spectrum of GtACR1, where bands due to the SB C=N stretch-
ing mode and the amide I mode of the protein peptide backbone appear [119]. The
strongest band in this region is the negative 1634 cm-1 band, close to the band as-
signed to the ethylenic νC=C in the RRS spectrum
[144]. This band downshifts to 1622
cm-1, consistent with the downshift observed in RRS experiment [144], confirming its
assignment to the ethylenic νC=C of GtACR1 ground state. Smaller bands near
(+)1676, (-)1666, (-)1661, and (-)1651 cm-1 appear, but are not affected by the H–D
exchange and are most likely due to the changes in protein peptide backbone. We
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Fig. 4.13: FTIR difference spectra over the 1680–1800 cm-1 region for GtACR1
recorded at 80 K and 170 K. Two independent spectra are shown for each, highlight-
ing the reproducibility. Y axis markers indicate approximately 0.15 mOD for 80 K
spectrum and 0.1 mOD for 170 K spectrum.
conclude that only limited protein structural changes involving the peptide backbone
of GtACR1 occur at 80 K.
Carboxylic Acid C=O Stretch Region
Bands in the 1700-1800 cm-1 region are mainly from the changes in the C=O
stretching mode of carboxylic acid groups reflecting protonation and hydrogen bond
changes of Asp/Glu residues. Several weak bands are detected in this region for
GtACR1 at 80 K near (+)1748, (-)1741, (+)1734, (-)1728, (+)1722, (-)1705, and
(+)1697 cm-1 (Figure 4.13). These bands are conserved at 170 K, but increased
in the (+)1748 and (-)1741 cm-1 bands are observed. In addition, two new bands
are also observed near (+)1724 and (-)1709 cm-1 (Figure 4.13), which become more
intense at even higher temperatures along with the (+)1748 and (-)1741 cm-1 bands
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Fig. 4.14: (A) Low temperature UV-visible baseline corrected spectra of GtACR1
recorded at 80 K before and specified times after illumination. (B) UV-visible dif-
ference spectra computed from spectra in A (differences consist of subtraction of
post-spectra from pre-spectra) using baseline correction. (C) Same as B, but spec-
tra recorded at 170 K. (D) Difference of difference spectra shown in C computed by
subtracting first difference from subsequent difference spectra. All legends for figures
are in minutes post illumination.
(data not shown). Due to the mixture of K and L intermediates at 80 K and 170 K,
it’s difficult to assign these bands specific intermediates, but the (+)1724 and (-)1709
cm-1 bands most likely reflect the formation of L intermediate.
Low-temperature UV-Visible Absorption Difference Spectroscopy
UV-visible absorption spectra of GtACR1 was recorded at 80 K on hydrated
films under identical conditions to the FTIR measurements. A major band is ob-
served near 517 nm with a shoulder near 467 nm (Figure 4.14A), very close to the
results from room temperature UV-visible spectrum (Figure 4.3). The difference
spectrum at 80 K does not undergo much change for 30 minutes after the first minute
post-illumination (Figure 4.14B), indicating that the resultant photoproduct is sta-
ble. A positive band near 565 nm corresponding to the K state is observed, while
two negative bands near 467 and 510 nm are observed, close to the bands identified
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in the absolute absorbance spectrum. However, the intensities of the two negative
bands are similar despite the much smaller 467 nm band in the absolute absorbance.
One possibility for this difference is that at 80 K, a blue shifted L state is pro-
duced in addition to the red shifted K state. This L state is expected to produce
a positive band near 485 nm [148] and cancel some negative intensity near this wave-
length that is due to the depletion of the ground state. At 170 K, K state is not
expected to be stable but decay into L state. In support, the absorption measurement
at 170 K shows a decreasing K band near 570 nm and an increase in positive band near
485 nm, which show as decreasing negative intensity near this wavelength (Figure
4.14C). This is even more clearly observed in the post-illumination differences (e.g.
changes in absorption immediately after illumination subtracted from later times),
where a broad positive band near 485 nm is observed, consistent with the previous
transient visible absorption measurements at room temperature [148]. The decay of
the bands were fit with two exponentials, one fast and one slow components [145].
On the basis of both the low-temperature FTIR and UV-visible absorption
measurements at 80 K, we conclude that the photoillumination of GtACR1 produces
both K and L states that are stable. At 170 K, K intermediate is unstable and decays
into the L intermediate.
Effects of Substitutions Near the Schiff Base
Glu68 → Gln
Glu68 is predicted to be close to the GtACR1 SB on the basis of x-ray crys-
tallography structure of C1C2 chimera [63] (Figure 4.18B). Previous transient visible
absorption measurements showed that Glu68 is involved in the channel closing and
may play the role of the SB proton acceptor at neutral pH during the formation of
M [148]. The E68Q mutant did not alter the visible absorption significantly [144], but
it slowed the fast channel closing mechanism in GtACR1 [148]. The 80 K UV-visible
118
Fig. 4.15: Comparison of UV-visible absorption difference spectra for GtACR1 WT
(blue) and its mutants E68Q (red) and S97E (green) recorded at 80 K. Spectra were
scaled relative to the maximum positive peak. Y axis markers indicate approximately
4 mOD for WT and 2 mOD for the two mutants.
absorption spectrum of E68Q is very similar to WT [145], but its difference spectrum
shows an increased intensity of the negative bands compared to the positive bands
along with a small blue shift of the 510 nm negative band (Figure 4.15). These dif-
ferences can be explained by a smaller L accumulation in E68Q mutant compared to
WT, which would cause less cancellation of the negative bands near 485 nm. How-
ever, E68Q still exhibits a stable K and L at 80 K and a K→ L decay at 170 K with
similar kinetics as WT [145].
As shown in Figure 4.16, the 3-1 first-push FTIR difference spectrum of E68Q
also suggest less L accumulation at 80 K relative to K intermediate. The intensity of
the negative bands at 1530 and 1518 cm-1 are smaller in the E68Q spectrum compared
to WT spectrum, consistent with a greater hidden positive K band near 1520 cm-1
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Fig. 4.16: Comparison of the first-push ”3-1” FTIR difference spectra over the 800–
1800 cm-1 region for GtACR1 WT and its mutants E68Q and S97E recorded at 80 K
and 170 K. Gray lines are WT, red lines are E68Q, and blue lines are S97E. Y axis
markers indicate approximately 2 mOD for WT 80 K, 1.5 mOD for WT 170K, 1.5
mOD for E68Q spectra, and 0.5 mOD for S97E spectra.
that cancels more of the negative bands of the E68Q spectrum. In the fingerprint
region, the 1190 cm-1 band is now greater than the 1182 cm-1 band, which is more
consistent with the BR and CaChR1 spectra at 80 K reflecting ground state to K
transition (Figure 4.10). In addition, the positive 1148 cm-1 is significantly reduced
compared to WT spectrum, which is associated with the L intermediate.
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Fig. 4.17: Comparison of the first-push ”3-1” FTIR difference spectra over the 1680–
1800 cm-1 region for GtACR1 WT and its mutants E68Q and S97E recorded at 80 K
and 170 K. Gray lines are WT, red lines are E68Q, and blue lines are S97E. Y axis
markers indicate approximately 0.4 mOD for WT 80 K, 0.3 mOD for WT 170K, 0.3
mOD for E68Q spectra and 0.1 mOD for S97E spectra.
In the 1700–1800 cm-1 region of the E68Q spectrum, the bands near (+)1734,
(-)1728, (+)1722, and (-)1705 in WT are all absent in E68Q while a new pair of bands
appear at (-)1693 and (+)1686 (Figure 4.17). These new bands may be attributed
to the C=O stretch of the substituted Gln residue based on its relatively lower
wavenumber, similar to the assignment of Gln residues in proteorhodopsin in this
region [116]. At 170 K, the intense bands at (+)1724/(-)1709 cm-1 in WT disappear in
E68Q, indicating that these bands may be assigned to the changes in Glu68 residue
during the formation of the L state.
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Ser97 → Glu
Ser97 is the homolog of BR Asp85, which plays the role of the primary SB
counterion and proton acceptor. As shown in section 4.2, the S97E mutant exhibits
a 4 cm-1 downshift of the ethylenic νC=C at pH 7, indicating that Glu97 exist in a
neutral form at pH 7. However, UV-visible spectrum at 80 K show a slightly blue
shifted λmax with a small red shifted shoulder
[145], suggesting a possibly mixed state
under this condition. In fact, as shown in section 4.2, Glu97 deprotonates at higher
pH and produces an ethylenic near 1545 cm-1. In addition, the K and L intermediates
formed at 80 K and 170 K are red shifted [145].
In the 80 K FTIR spectrum of S97E mutant (Figure 4.16), the negative ethylenic
downshifts slightly from 1530 cm-1 to 1528 cm-1, consistent with the Raman re-
sults [144]. This band also appears more negative, possibly due to the more red shifted
K ethylenic, although this positive ethylenic band is still not visible. The positive
1545 cm-1 band in WT assigned to the L intermediate ethylenic is also downshifted to
1541 cm-1 and reduced in intensity, where the lower intensity may be due to less L ac-
cumulation. Consistent with this hypothesis, a previous room temperature transient
visible absorption measurements of this mutant showed a rapid L to M decay [148].
In the 1680–1800 cm-1 carboxylic acid region, (-)1709/(+)1720 cm-1 bands appear
(Figure 4.17), reflecting changes in hydrogen bonding structure of the Glu97 in this
mutant.
4.3.3 Conclusions
Earlier studies of GtACR1 based on laser-flash photocurrent measurement and
transient visible absorption spectroscopy have correlated the channel opening with
the L intermediate, and that a pre-M red shifted species (most likely K) is in fast
equilibrium with the L intermediate [72,148]. In this study, we used low-temperature
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FTIR and UV-visible spectroscopy techniques to investigate the molecular changes
that occur during the formation of K and L intermediates.
Substitution of a Met in ACRs athe position of conserved Leu93 (BR
sequence) may allow the L intermediate to form at lower temperature
The primary photoproduct of almost all microbial rhodopsins is a red shifted
K intermediate. In the case of BR, formation of K involves a change from all-
trans, 15-anti to 13-cis, 15-anti isomerization of the retinal [160]. This K intermediate
quickly decays into a blue shifted L intermediate in 2 µs at room temperature
involving a change in its retinal conformation to a more planar 13-cis, 15-anti con-
figuration [103,104,161]. However, the formation of L is blocked at 80 K in BR [162,163],
as well as in many other microbial rhodopsins including sensory rhodopsins (SRI
and SRII) [164,165], Neurospora rhodopsin (NO) [132], Anabaena sensory rhodopsin
from cyanobateria (ASR) [133], green- and blue-absorbing proteorhodopsin (GPR and
BPR) [115,116,139,166–169], archaerhodopsin-3 (AR3) [70,71], and CaChR1 [79,80]. This is ex-
hibited even in animal rhodopsins [170]. This makes our results extremely unusual that
both the K and L intermediates are formed at 80 K upon illumination of GtACR1.
One possible explanation for this effect is that steric hindrance between the protein
and the retinal chromophore, which acts to block the K → L transition in most
microbial rhodopsins, is reduced in GtACR1.
In BR, one major source of this steric hindrance is due to interaction between
the 13-methyl group of retinal and the Leu93 located on helix 3 [171,172]. In the
x-ray crystal structure of C1C2 chimera [63], Ile170 (C1C2 numbering) is in close
proximity to the 13-methyl group (Figure 4.18B) and most likely plays a similar role
in preventing the K→ L transition in CCRs. This residue is highly conserved in most
microbial rhodopsins as Leu or Ile, but it is substituted with a Met in ACRs from G.
theta (Met105 in GtACR1) (Figure 4.18A). We suggest that this replacement acts to
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Fig. 4.18: (A) Alignments of transmembrane helix 3 for various microbial rhodopsins.
Microbial rhodopsins listed are color coded (blue, ACRs; green, CCRs; red, H+
pumps; orange, Cl− pumps). Residues homologous to BR Leu93 are with red border.
Top numbering is from BR sequence. Gt161302 does not conduct ions. Abbreviations
for organisms are Gt, Guillardia theta; Psu, Proteomonas sulcata; Cr, Chlamydomona
reinhardtii ; Ca, Chlamydomonas augustae; Mv, Mesostigma viride; Ps, Platymonas
subcordiformis ; Hs, Halobacterium salinarum; Hsp, Halobacterium sp. aus-2; Hso,
Halorubrum sodomense; Ha, Haloarcula argentinos. Note that Nanolabens marinus is
a flavobacterium. (B) 3D structure of C1C2 chimera from [63] (accesion number 3UG9)
with selected residues from GtACR1 substituted (Glu68, Ser97, Met105, Asp234, and
Lys238). The numbering is based on the GtACR1 sequence.
lower the thermal barrier for the K → L transition at 80 K and allow the retinal to
more easily relax into a more planar form characteristic of the L intermediate [173]. In
support of this suggestion, the mutant L93M in BR exhibits similar L formation at 80
K evidenced by bands in the 80 K FTIR difference spectrum that are characteristic
of the L intermediate, such as the upshifted ethylenic and several bands in the HOOP
mode region [158]. Another mutant W182F also exhibit L formation at 80 K [158], but
this Trp residue is conserved in GtACR1 and cannot be used to explain the unusual K
→ L decay in GtACR1. In addition, the more intense fingerprint band at 1182 cm-1
compared to the band at 1192 cm-1 in the GtACR1 80 K FTIR spectrum (Figure
4.10) is exhibited only in the BR L93M mutant, but not in the W182F mutant [158].
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This suggests that this increase 1182 cm-1 is caused by the replacement of Leu93 to
a Met residue, in support of the suggestion that Met93 in GtACR1 is a major source
of the L formation at 80 K. It is noted, however, that this substitution is not the
basis for anion channel gating, as there are ACRs with Lue/Ile at this position, such
as the ACR from Proteomonas sulcata (PsACR1) that has an Ile [174].
It is not clear why a Leu → Met substitution would cause effect, because both
Leu and Met residues have approximately the same average volume calculated from
the surface area of the side chains [175]. One possibility is that the hydrogen bonding
structure of the water molecules near the SB are different depending on if a Met and
a Leu/Ile residue is present at the homologous position 93 in BR. It was suggested for
BR that the introduction of a sulfur atom by the Leu93 → Met substitution causes
changes in the hydrogen bonding of one or more internal water molecules located
near the SB [158].
This residue present in position 93 also plays a major role in proteorhodopsin
(PR), an extensive family of microbial rhodopsin found in marine proteobacteria
distributed throughout the oceans [176,177]. The Leu105 → Gln substitution changes
the green-absorbing PRs (GPRs) to blue-absorbing PRs (BPRs) [178]. FTIR studies
on the primary phototransition of GPR and BPR showed that this substitution causes
a rearrangement of internal water molecules located near the SB [115]. Further studies
on mutants at this position in GtACR1 (e.g. M105L) as well as other microbial
rhodopsins are necessary and underway to further test this hypothesis.
Protein changes accompanying K and L formation at low temperature in
GtACR1
The 80 K and 170 K FTIR difference spectra of GtACR1 reveal that only local
protein structural changes occur during the K and L formation at these temperatures.
For example, the bands in the 1600–1700 cm-1 amide I region are relatively small,
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with the exception of the SB C=N vibration at 1634 cm-1. This suggest that the
protein conformational changes are small at these temperatures. However, stronger
intensities are observed at higher temperatures, indicating more global changes lead-
ing to opening and closing of the anion channel.
A similar pattern is observed in the carboxylic C=O stretch region, where only
small bands are observed at 80 K indicating minor hydrogen bonding changes of
several Asp/Glu residues. At 170 K, the (+)1748/(-)1742 cm-1 bands increase in
intensity while another pair of bands appear at (+)1724/(-)1709 cm-1, with both
pairs increasing in intensity at even higher temperatures (data not shown). The
E68Q mutant abolishes the (+)1724/(-)1709 cm-1 bands, indicating that these bands
are either directly or indirectly affected by this residue, so we tentatively assign
these bands to the changes in the hydrogen bonding of Glu68. Previous studies have
assigned Glu68 as the proton acceptor during the M formation [72]. Therefore, we
suggest that the positive/negative bands at (+)1724/(-)1709 cm-1 may be associated
with a repositioning and/or change in environment of Glu68. This change could
partially lead to the anion channel opening, while the proton transfer from the SB
to Glu68 leads to channel closing.
Effects of the substitution of a Glu at Ser97 causes red shift of the K and
L intermediates
It was previously observed that Ser97 → Glu substitution causes a red shift
in the unphotolyzed state of GtACR1 [144,148]. Results from this study indicate that
the substitution also causes red shifts in the K and L intermediates, indicating that
the substituted Glu97 stays in a neutral state at pH 7 in these intermediate states
as well. One possible explanation for the red shifts is that the hydroxyl group of
the Ser97 in GtACR1 WT provides a more effective electronegative environment for
the SB relative to the longer Glu97 even though the carboxylic group contains more
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electronegative oxygens. This may be due to the direct proximity of the Ser hydroxyl
or via one or more water molecules positioned near the SB.
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